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Preface to ”Biomass Wastes for Energy Production”

This Special Issue of Energies, “Biomass Wastes for Energy Production”, comprises 10 papers

covering the latest advances on waste-to-energy technologies which contribute to a rethinking of the

world’s energy supply systems. The environmental problems of the actual world’s energy supply

systems and the increasing amount of global solid waste production are forcing a fundamental shift

toward greater reliance on biomass wastes. Waste-to-energy systems have become a paramount

topic for both industry and researchers due to interest in energy production from waste and

improved chemical and thermal efficiencies with more cost-effective designs. This biomass shift

is also important for industries to become more efficient by using their own wastes to produce

their own energy in light of the circular economy concept. For this Special Issue of Energies,

we invited submissions exploring the latest advances in the field of waste-to-energy technologies

from experimental and computational perspectives. The accepted papers were selected after a

rigorous review process demonstrate the highly innovative and informative venue for essential and

advanced scientific and engineering research in the field of waste-to-energy technologies. In the first

paper, the authors proposed torrefaction processing of various forestry biomass residues as an initial

treatment and a means of preparing alternative fuels or substrates for other applications. Based on

the results after the torrefaction process, the tested materials were characterized by exceptionally

good hydrophobic properties, higher heating value, and higher energy densification. Considering

many physical and chemical parameters, such as volatile matter, higher heating value, and fixed

carbon content, forestry biomass resembles hard coal after torrefaction but still remains biomass,

which is known as an ecological and environmentally friendly source of energy. The second paper

studied the possibility of using torrefaction to valorize elephant waste and to determine the impact

of technological parameters on the waste conversion rate and fuel properties of resulting biochar.

The produced biochars were characterized in terms of moisture content, organic matter, ash, and

higher heating values. In addition, thermogravimetric and differential scanning calorimetry analyses

were also used for process kinetics assessment. The results show that torrefaction is a feasible

method for elephant dung valorization, which could then be used as fuel in households for cooking

and heating. Paper three presented a life cycle assessment of the integrated value chain from

peach pruning residues for electricity generation as compared with common practice, including the

mulching process of the pruned biomass in an orchard. The results show that biomass harvesting,

chipping, and its delivery to a power plant is feasible from an environmental point of view. The

total global warming potential of this value chain was almost 12 times lower than the mulching

and leaving of the pruned biomass in an orchard. In the fourth paper, the authors carried out

a life cycle assessment for the current and proposed waste management system in Montréal city.

Using life cycle assessment results, a non-dominated sorting genetic algorithm was used to optimize

the waste flows. The optimization showed that the current recovery ratio of organic waste of 23%

could be increased to 100% recovery of food waste. Moreover, recycling could be doubled, and

landfilling halved. By using a three-objective optimization algorithm, the optimized waste flow

for Montréal results in 2% of waste to anaerobic digestion, 7% to compost, 32% to recycling, 1%

to incineration, and 58% to landfill. The fifth paper studied the performance evaluation of anaerobic

digestion of dairy wastewater in a multi-section horizontal flow reactor equipped with microwave

and ultrasonic generators to stimulate biochemical processes. They found that organic loading

rates had the greatest impact on the effects of anaerobic digestion of dairy wastewater in terms of

ix



organic compound removal and biogas and methane yields. They also found a significant impact

of ultrasonication on the effects of anaerobic digestion of dairy wastewater. Increase in ultrasonic

intensity significantly reduced the efficiency of organic compounds’ removal from wastewater, as

well as biogas yield. Paper six provides an overview of biomass streams that can be used for biogas

production and their alternative uses. Their literature review was performed using the machine

learning technique “co-occurrence analysis of terms”. They conclude that a large share of the

biomass streams considered in the biogas estimates have many alternative uses, which limit their

contribution to future biogas production, and there are streams not being considered in estimates

for biogas production although they have the proper characteristics. The seventh paper determined

generalized energy and ecological characteristics of steam boilers co-firing hard coal with biomass.

The energy characteristics determined are the dependence of the gross energy efficiency of boilers

on such decision parameters as their efficiency and the share of biomass chemical energy in fuel.

The ecological characteristics are the dependence of gaseous emission streams and dust on the same

decision parameters. Boiler characteristics can be used when forecasting the impact of changes in

operating conditions on the effects achieved in existing, modernized, and designed boilers. Paper

eight reported the main results of the experimental activity to optimize and develop a fixed-bed

updraft gasification process for power generation from biomass. Particular attention was paid to the

optimization of an integrated double stage wastewater management system designed to minimize

both liquid residues and water content. They identified the optimal process parameters for the

operation of the syngas cleaning section that resulted in a 60% reduction of wastewater disposal.

In the ninth paper, the authors performed experimental and modeling analysis of brewers’ spent

grains gasification in a pilot-scale downdraft reactor. A ratio of 1.3 kg of brewers’ spent grains

per kWh of electricity generated was obtained, with an average electrical efficiency of 16.5%. A

modified thermodynamic equilibrium model of the downdraft gasification is developed to assess

the potential applications of the main Portuguese biomasses through produced gas quality indices.

They conclude that in using air as a gasifying agent, biomass gasification provides produced gas

of sufficient quality for use in energy production in boilers or turbines. The last paper provided

a comparative technoeconomic analysis of small-scale gasification systems for electricity generation

in a 15 kWe downdraft gasifier. A spreadsheet economic model was developed combining the net

present value, internal rate of return, and the payback period. A Monte Carlo sensitivity analysis

was used to measure the performance of the economic model and determine the investment risk. The

analysis showed an electricity production between 11.6 to 15 kW, with a general system efficiency

of approximately 13.5%. The viability of the projects was predicted for an internal rate of return

between 16.88 to 20.09% and a payback period between 8.67 to 12.61 years. This study highlights

the empowering effect of small-scale gasification systems settled in decentralized communities for

electric power generation. To conclude, special gratitude and appreciation is extended to all the

authors for their high-quality submissions and the anonymous reviewers for volunteering their time

and expertise to evaluate the scientific merit of the submitted papers. Additionally, the Special Issue

assistant editor, Mr. Allen Liu, deserves special thanks for his great effort and support in making this

Special Issue successful. With this Special Issue of Energies, we hope to highlight new contributions

in the growing and stimulating interdisciplinary field of waste-to-energy technologies.

Eliseu Monteiro

Editor
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Abstract: The global energy system needs new, environmentally friendly, alternative fuels. Biomass
is a good source of energy with global potential. Forestry biomass (especially wood, bark, or trees
fruit) can be used in the energy process. However, the direct use of raw biomass in the combustion
process (heating or electricity generation) is not recommended due to its unstable and low energetic
properties. Raw biomass is characterized by high moisture content, low heating value, and hydrophilic
propensities. The initial thermal processing and valorization of biomass improves its properties.
One of these processes is torrefaction. In this study, forestry biomass residues such as horse
chestnuts, oak acorns, and spruce cones were investigated. The torrefaction process was carried
out in temperatures ranging from 200 ◦C to 320 ◦C in a non-oxidative atmosphere. The raw and
torrefied materials were subjected to a wide range of tests including proximate analysis, fixed carbon
content, hydrophobicity, density, and energy yield. The analyses indicated that the torrefaction
process improves the fuel properties of horse chestnuts, oak acorns, and spruce cones. The properties
of torrefied biomass at 320 ◦C were very similar to hard coal. In the case of horse chestnuts, an increase
in fixed carbon content from 18.1% to 44.7%, and a decrease in volatiles from 82.9% to 59.8% were
determined. Additionally, torrefied materials were characterized by their hydrophobic properties.
In terms of energy yield, the highest value was achieved for oak acorns torrefied at 280 ◦C and
amounted to 1.25. Moreover, higher heating value for the investigated forestry fruit residues ranged
from 24.5 MJ·kg−1 to almost 27.0 MJ·kg−1 (at a torrefaction temperature of 320 ◦C).

Keywords: biomass residues; forestry; torrefaction; thermal treatment; biomass valorization; torrefied
material properties

1. Introduction

Over the past several years, global energy demand has increased significantly. This is associated
with economic and industrial development in many countries and energy (heat and electricity) is an
essential service required by people all over the world. The total energy consumption in the world in
2017 was 23,696 TWh, which was an increase of about 117.4% compared to 1990 [1]. Unfortunately,
the share of coal in total energy generation is high (41.6% in 2017) and its consumption is still
growing [1]. In the last few decades, next to energy security, protection of the natural environment has
also become a very important issue. The world is now focused on global warming problems and the
uncontrolled increase in the global temperature that could lead to ecological disaster [2–4]. Therefore,
many measures need to be taken to prevent global warming of more than 1.5 ◦C [4].

One of the solutions is to further increase the use of renewable energy sources (RES) in total
energy production, including biomass residues. In 2019, energy potential from residual biomass

Energies 2020, 13, 2468; doi:10.3390/en13102468 www.mdpi.com/journal/energies1
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in the EU-27 amounted to 8500 PJ·y−1, of which 3800 PJ·y−1 was from straw and 3200 PJ·y−1 was
from forestry residues [5]. It is estimated that in 2050 the global technical potential of biomass
residues (from agriculture, forestry, dungs, and organic waste) will range from 55 to 325 EJ·y−1 [6].
Moreover, the EU countries have included a share of biomass feedstock in their energy mixes in
the strategies formulated for 2030 and 2050 [7]. However, the focus is on the identification and
utilization of new alternative sources of biomass, especially residual sources. A circular economy,
in particular, the circular waste management sector requires three important factors: financial stability,
environmental friendliness, and social wellbeing. Biomass valorization methods, e.g., torrefaction
of forestry waste materials adds new value to the forest. Furthermore, thanks to the torrefaction
process of waste, the forest biomass can be used to complement many natural products besides
bioenergy. It allows for energy diversification by the manufacturer and increases the chance that
the cost of bioenergy will be sustainable, while potentially decreasing costs in the energy supply
chain [8]. Thus, valorization of biomass residues is recommended to improve their properties and
to expand their application options [9]. This is also a result of the fact that direct use of biomass is
associated with several difficulties. Raw, untreated waste biomass is characterized by a heterogeneous
structure, higher moisture absorption capabilities (hydrophilic properties), and significantly lower
heating value [10,11]. In addition, these negative properties decrease the economical use of raw
biomass in practice. Therefore, it is necessary to use various pre-treatment processes (Figure 1).
The use of mechanical, thermal, or biological treatments significantly improves the physical properties
of raw biomass [9,12,13]. It should also be noted, that forestry biomass residues can support the
carbon sequestration process. Loehle [14] analyzed the sequestration of carbon by commercial forestry.
It was observed, that biomass used for energy production has a value of 100 years of sequestration,
which corresponds to twelve tons of avoided carbon emission. Thus, the utilization of forestry waste
biomass is also a solution to climate change risks.

Figure 1. Pre-treatment methods of raw biomass.

One of the most promising and commonly used methods of converting biomass is thermal
pre-treatment [15,16]. Among the thermal processing of biomass, torrefaction has become very
attractive [17]. Torrefaction is also known as low-temperature pyrolysis (usually the pyrolysis
process is carried out in temperatures up to 600–800 ◦C [18,19]) with high-temperature drying or
roasting. The torrefaction process relies on heating biomass in atmospheric pressure and inert
conditions. The typical range of temperature is from 200 ◦C to 320 ◦C [10,20,21]. To maintain the inert
atmosphere in the heating chamber, carbon dioxide, or nitrogen flow is applied inside the reactor [22,23].
The non-oxygen atmosphere is required to prevent the combustion of biomass [24]. Therefore, thermal
processing of biomass in a non-oxygen atmosphere (especially lignocellulosic biomass) allows for
the decomposition of lignin, cellulose, and hemicellulose, which is important for further processing
of biomass [9]. The depolymerization of the lignin, cellulose, and hemicellulose depends on the
temperature and the duration of the process. The hemicellulose fibers are the first to depolymerize,
due to its low molecular weight, and this is followed by lignin. The hardest fiber to depolymerize is
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cellulose and it is the last fiber to undergo depolymerization [25–27]. The content of these three basic
fibers in biomass has an effect on its degree of degradation and its activity [28]. After the torrefaction
process, torrefied biomass is characterized by a higher energy densification ratio (EDR) in comparison
to the raw biomass. The energy densification increases by approximately 30%. This is because the
loss of mass is larger (approximately 30–35%, depending on the material and the temperature of the
torrefaction process) than the loss of energy (10–15%) [28–30]. The loss of mass is associated mainly
with moisture removal from biomass and the initial devolatilization (thermal decomposition). Lower
and limited moisture content in torrefied biomass (1–3%) affects the water gas shift reaction and
the increase in the hydrogen content in syngas [31,32]. Torrefied biomass is advantageous because
of its variable bulk density as well as its higher heating value (HHV), which results in savings in
transport, storage, and further processing [10,33,34]. Torrefaction also results in better hydrophobic
properties in biomass [35] due to the loss of hydroxyl groups during the process. This allows torrefied
biomass to be stored in the open space for a long period, with a low risk of dampness, decomposition,
and decay [10,33,34] in comparison to raw biomass (which tends to decompose quickly and is sensitive
to external weather conditions [36,37]). Finally, torrefied biomass has better grindability due to the
decomposition of fibers during thermal processing [33,35].

However, the process temperature has an influence on the costs, which should be economically
justified from a practical point of view. The higher temperature of the torrefaction process results
in improvement in the physical properties of the final product from biomass, but it also raises the
energy inputs (and costs) to produce this alternative fuel. Energy consumption of a muffle furnace (in
laboratory research) for a torrefaction temperature of 300 ◦C was found the be more than 60% higher
compared to a temperature of 200 ◦C (with the same residence time of 60 min) [10]. Thus, the proper
selection of the torrefaction temperature in terms of the expected valorized biomass properties is a
very important factor in the industrial planning of the thermal processing of raw biomass.

Therefore, knowledge about the properties of the torrefied biomass residues and the changes
caused by the temperature of the thermal process are crucial with regard to further application options,
process modeling, and its economical use in practice. No data about the torrefaction process of the
fruits of deciduous and coniferous trees was found in the literature.

This work aimed to assess the effect of the torrefaction process on the selected physical and
chemical properties of investigated biomass residues from the forestry sector, such as horse chestnuts,
oak acorns, and spruce cones. Specifically, the study investigated the influence of the temperature of
the torrefaction on (i) changes in the results of the proximate analysis of torrefied materials, (ii) the
hydrophobic propensities of final products, and (iii) changes in the basic physical parameters of the
obtained products.

2. Materials and Methods

2.1. Materials Used in the Research

The subject of the research was different types of fruit from forest trees such as chestnut, oak,
and spruce. In detail, the following three types of fruit were investigated (Figure 2): (a) horse chestnuts,
(b) oak acorns, and (c) spruce cones.

  

(a) (b) (c) 

Figure 2. Organic materials used in the studies: (a) horse chestnuts; (b) oak acorns; and (c) spruce cones.
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2.2. Samples Preparation and Torrefaction Procedure

The preparation of the materials included their initial drying in the chamber KBC–65 W (WAMED,
Warszawa, Poland) (Figure 3a) to obtain an analytical state for all samples. The drying temperature
and duration time was 105 ◦C and 24 h, respectively. Next, horse chestnuts, oak acorns, and spruce
cones were comminuted in the mill LMN 400 (TESTCHEM, Pszów, Poland) (Figure 3b). The size of
the sieve was 1 mm. Finally, the samples (50 g each) were torrefied in the electrically-heated muffle
furnace SNOL 8.2/1100 (SNOL, Utena, Lithuania) (Figure 3c). The mass of the samples, before and
after the torrefaction process was measured using the scale RADWAG AS 220.R2 (RADWAG, Radom,
Poland) (Figure 3d).

(a) (b) (c) 

   
(d) (e) (f) 

  
(g) (h) (i) 

Figure 3. Laboratory devices: (a) drying chamber KBC-65W; (b) biomass mill LMN 400; (c) muffle
furnace SNOL82/1100; (d) scale RADWAG AS 220.R2; (e) moisture analyzer SARTORIUS MA150; (f)
calorimetric bomb IKA C200; (g) a set for WDPT (water drop penetration time) test; (h) gas pycnometer
HumicPyc; and (i) thermogravimetric analyzer.

4



Energies 2020, 13, 2468

The torrefaction temperatures were 200 ◦C, 220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, 300 ◦C and 320 ◦C.
Carbon dioxide (to maintain the inert atmosphere) from the gas cylinder was used in the reactor
chamber (90 mL·min−1). The duration time of the torrefaction process was 60 min. The proposed
thermal processing of forestry biomass, its basic properties, and process conditions are shown in
Figure 4.

Figure 4. Forestry biomass (horse chestnuts, oak acorns, spruce cones) processing in the
torrefaction process.

After the torrefaction process and cooling of the chamber, the samples were closed in an airtight
plastic bag (to protect the material from absorbing water from the air). The process was repeated
three times.

2.3. Proximate Analysis

The physical properties of the torrefied forestry biomass residues were determined to perform the
proximate analysis. All the samples were taken following the applied ISO Standards. The following
parameters were determined: ash content (AC), moisture content (MC), volatile matter content (VMC),
higher heating value (HHV), and fixed carbon content (FCC). The measures were repeated five times.

The moisture content was determined using a laboratory moisture analyzer SARTORIUS MA150
(Sartorius, Goettingen, Germany) (Figure 3e). In this test, the PN-EN ISO 18134-2:2017-03E standard
was applied [38]).

Ash content in the raw and torrefied forestry biomass was determined according to PN EN
ISO 18122:2015 [39] using the muffle furnace SNOL 8.2/1100 (SNOL, Utena, Lithuania) and the
following formula:

AC =
mA −mC
mM −mC

· 100% (1)

where AC is the ash content in the material (%), mA is the a mass of the crucible with ash after heating
(g), mC is the mass of the empty crucible (g), and mM is the mass of the crucible with the material before
heating (g).

The volatile matter content (VMC) in the investigated materials was determined by applying
PN-EN ISO 18123:2016-01 standard [40]. The formula is as follow:

VMC =
1− (mS −mC)

mM
· 100% (2)

5
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where VMC is the content of volatile matter in the material (%), mS is the mass of the crucible with fuel
sample after heating (g), mC is the mass of the empty crucible (g), and mM is the mass of the crucible
with fuel sample before heating (g).

To determine the higher heating value (HHV) of the material a calorimetric bomb IKA C200
(IKA, Lucknow, India) (Figure 3f) was used. The measurement was performed following PN-EN ISO
18125:2017-07 [41].

The fixed carbon content (the solid combustible residue) in the raw and torrefied forestry biomass
was determined following ASTM D-3172-73 [42] using the following formula:

FCC = (1−MC−AC−VMC) · 100% (3)

where FCC is the fixed carbon content in raw and torrefied forestry biomass (%), MC is the moisture
content in raw and torrefied forestry biomass (%), AC is the ash content in raw and torrefied forestry
biomass (%); and VMC is the volatile matter content in raw and torrefied forestry biomass (%).

2.4. Additional Analysis

The additional properties of the alternative fuel from horse chestnuts, oak acorns, and spruce
cones were also investigated by performing hydrophobicity tests, as well as the measurement of bulk
density (ρB), specific density (ρS), and porosity (ε). Mass yield (MY), the energy densification ratio
(EDR), and energy yield (EY) were determined based on the physical properties. The investigations
were repeated five times.

The hydrophobic properties were determined by the water drop penetration time (WDPT) test [43].
Raw and torrefied material weighing 5 g was spread (in a thin layer of 2 mm) on a laboratory slide
glass (Figure 3g). Next, the five drops of distilled water were put on the surface of the material.
The temperature of the distilled water was 20 ◦C. Then, the time it took the water drop to the penetrate
through the layer of the investigated material was measured with a stopwatch. The hydrophobic
properties were determined by comparing the values obtained for the drop penetration time to the
classification data (Table 1).

Table 1. Classification criterion of hydrophobic properties [10,44].

Classification Criterion
Time of the Penetration of a Drop of Water

Hydrophobic Properties

<5 s Hydrophilic
5–60 s Slightly hydrophobic

60–600 s Strongly hydrophobic
600–3600 s Severely hydrophobic
>3600 s Extremely hydrophobic

In the case where the penetration time of distilled water drop exceeded 1 h, the sample was
covered with the lids (to minimize the influence of the evaporation process) [43].

The bulk density of the material was determined according to PN-EN 1237:2000 standards [45]
using the following formula:

ρB =
mi
Vi
· 100% (4)

where ρB is the bulk density (kg·m−3), mi is the mass of the material in the container (kg), and Vi is the
volume of the container (m3).
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The specific density of raw and torrefied material (ρS) was determined using the gas pycnometer
HumicPyc (InstruQuest Inc., Boca Raton, USA) (Figure 3h) whereas, the porosity was calculated
according to PN-EN 1936:2010 [46] using the following formula:

ε = (1− ρS

ρB
) · 100% (5)

where ε is the porosity of the material in the dry analytical state (%), ρB is the bulk density of the
material in the dry analytical state (kg·m−3), and ρS is the specific density of material in the dry
analytical state (kg·m−3).

Mass yield (MY) (using the thermogravimetric analyzer (Figure 3i), energy densification ratio
(EDR) and energy yield (EY) was determined using the following formulas [28,29,47]:

MY =
mC
mR
· 100% (6)

where MY is the mass yield (%), mC is the mass of dry torrefied material (g), and mR is the mass of raw
material (g).

EDR =
HHVC
HHVR

(7)

where EDR is the energy densification ratio (-), HHVC is the higher heating value of torrefied material
(kJ·kg−1), and HHVR is the higher heating value of raw material (kJ·kg−1).

EY = MY · EDR (8)

where EY is the energy yield (%), MY is the mass yield (%), and EDR is the energy densification ratio (-).
The results for the proximate analysis, the additional properties, and diagrams were developed

in statistical software STATISTICA (StatSoft-DELL Software, Texas, USA). The detailed results,
including standard deviations and coefficient of variation are available in the Supplementary Materials,
Tables S1–S5.

3. Results and Discussion

The first noticeable change in properties after torrefaction was the change in the color of the
torrefied materials (Figure 5). The raw materials were characterized by a bright brown color. However,
as the torrefaction process temperature increased, the color of the materials got darker (from brown to
dark brown to black). Horse chestnuts, oak acorns, and spruce cones torrefied at 300 ◦C and higher
were black in color and looked like fine coal. The change in color is a natural phenomenon during
torrefaction or roasting of the biomass materials. The occurrence of a similar change in color was also
observed by other researchers [48,49].

3.1. Results of the Proximate Analysis

The investigated raw materials were characterized by a moisture content of 30.5% for the horse
chestnuts, 30.6% for the oak acorns, and 10.2% for the spruce cones. After the torrefaction process,
the ash content in the tested materials increased as the temperature of the process increased (Figure 6).
For the chestnuts, the ash content was in the range from 2.3% (for raw material) to 6.1% (for torrefied
material 300/320 ◦C). For oak acorns and spruce cones, it ranged from 2.1% to 4.4% and from 0.9%
to 2.4%, respectively. The results showed that there was up to a three-fold increase in ash content
in the torrefied material. Such a significant increase in ash content in the final product is primarily
due to the weight loss in the form of volatile matters released during the thermal decomposition
under torrefaction conditions. Moreover, the higher the process temperature, the greater the volatile
matter loss. As a result, the percentage share of non-combustible substances (ash) remaining in the
material increases. An increase in ash content in the material after the torrefaction process has also been
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observed in other research, where the AC was higher for material torrefied at 300 ◦C in comparison to
material torrefied at 200 ◦C [10,16,50]. However, the increase of the ash content after torrefaction is not
a significant disadvantage of this process. For comparison, the AC in coal is ca. 25–35% [51], so an AC
of 4% or 6% in torrefied biomass residues is still competitive compared to coal. Alternative fuels from
typical untreated wooden/agricultural biomass in the form of a pellet, also had an ash content in the
range from 0.66% to 9.43%, depending on the type of material [52]. Interestingly, despite the increased
ash content, the torrefied forest residues were still within the range of values found for thermally
unprocessed biomass materials. This is a positive feature in the context of the materials studied in
this work.

  
(a) (b) (c) 

Figure 5. Color change in the material depending on the torrefaction process temperature: (a) horse
chestnuts; (b) oak acorns; and (c) spruce cones.

Figure 6. Ash content in the torrefied horse chestnuts, oak acorns, and spruce cones.

8
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An interesting phenomenon was observed in horse chestnuts torrified at a higher temperature
(320 ◦C). At this temperature, the ash content decreased remarkably. This trend can also be seen
in the case of oak acorns and spruce cones, although it is not as obvious. This is probably related
to the vaporization of alkali salts [53], mainly alkali halides of metals. At a certain temperature of
pyrolysis, these compounds move from a solid phase to the gas phase, thus the ash content may
decrease [54]. It may also be related to the inhomogeneous structure of materials [55]. This study used
whole materials, both shell and pulp, which can be characterized by different content of ash.

The volatile matter content in fuel (fossil or renewable) is directly related to the ease of ignition of
the fuel and its combustion stability. Volatile matter is the combustible part of the fuel. So, a material
characterized by a high content of volatile matter is easier to ignite and requires less energy for this
process. However, fuels with higher VMC emit less heat because a significant part of the mass is released
with volatiles to the atmosphere, and the coke (char) residue is the main source of heat/energy [56].

All of the tested forestry biomasses were characterized by decreasing volatile matter content after
the torrefaction process; the VMC change depended on the process temperature (Figure 7). The content
of volatiles in horse chestnuts was from 79.6% for raw biomass to 50.2% for material torrefied at 320 ◦C.
The VMC in oak acorns went from 82.9% in the raw material to 59.8% in the material torrefied at 320 ◦C.
The oak acorns had the highest content of volatiles in both the raw and torrefied material. In the case
of spruce cones, the VMC decreased from 70.9% to 55.3%.

Figure 7. Volatile matter content in the torrefied horse chestnuts, oak acorns, and spruce cones.

The obtained results and behavior trends are similar to those found by other researchers.
Tong et al. [57] determined the volatile matter content in raw biomass as being 75–85%. This is an
average value of the VMC in raw biomass (i.e., wood, straw, and forestry residues), and is in line with
the VMC in horse chestnuts, oak acorns, and spruce cones. Additionally, some similarities can be seen
in comparing the volatile matter content in torrefied horse chestnuts, oak acorns, and spruce cones.
As the temperature increased, the VMC decreased. Biomass like rice straw, pine sawdust, or other
straws are also characterized by volatiles at 40–50% after torrefaction at 300 ◦C [57,58]. The mean
content of volatiles in coal is 40% [56,59], so, torrefied forestry biomass starts to be very close to coal in
terms of volatile matter. However, volatiles are also related to volatile organic compounds (VOCs).
Biomass is characterized by the different content of VOCs. In biomass like wood or straw, over one
hundred types of VOCs have been identified that are toxic and polluting air [60]. This is important for
the forest product industry or bioenergy sector because it limits the biomass application options due to
environmental regulations.
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Fixed carbon is a solid combustible residue in the fuel. With a significant decrease in volatiles and
a slight increase in ash content, the total content of fixed carbon should increase in torrefied biomass
as the temperature rises. This is because the amount of lost carbon contained in volatile compounds
(i.e., light hydrocarbons) is low. This dependence was observed in the obtained results (Figure 8).
Fixed carbon content ranged from 18.1% to 44.7%, from 14.9% to 35.5%, and from 28.1% to 42.5%,
for horse chestnuts, oak acorns, and spruce cones, respectively. A higher content of FCC is beneficial
as it allows more heat to be generated from the material. Correia et al. [58] studied several biomass
materials (including straw) during torrefaction and obtained fixed carbon contents ranging from 9.9%
to 17.3% for raw biomass, and its content was higher when the torrefaction temperature was higher.
Similar amounts of FCC in the biomass before and after torrefaction was noted in other studies [10,61].
As a comparison, the mean fixed carbon content in coal is ca. 60% (dry ash-free state) [56].

Figure 8. Fixed carbon content in the torrefied horse chestnuts, oak acorns, and spruce cones.

The higher heating value provides basic information about a fuel and its properties. If the
HHV is higher, more energy can be obtained from the material during its combustion. The higher
heating values for the dry horse chestnuts, oak acorns, and spruce cones ranged from 18.2 MJ·kg−1 to
19.6 MJ·kg−1 (Figure 9), which is comparable to other types of biomass, like straw or sawdust [52,57,62].
For the forestry biomass, an increase in the HHV due to thermal conversion was observed. Potential
deviations from the upward trend probably result from the heterogeneous structure/composition of
the investigated material. For example, the horse chestnut possesses a shell and pulp, whose share
in the material is not the same. Besides, the measurement error associated with the method of HHV
determination can also slightly influence the final result. Horse chestnuts were characterized by an
HHV = 26.5 MJ·kg−1 after torrefaction at 320 ◦C. Oak acorns and spruce cones, at the same temperature,
reached 25.6 MJ·kg−1 and 24.7 MJ·kg−1, respectively. The values of the HHV were much higher after
torrefaction than in the raw material. The impact of torrefaction on the higher heating value of biomass
has also been confirmed by other researchers [10,57,58,63] who found an increase in the HHV from
18.2 MJ·kg−1 to 28.5 MJ·kg−1 for waste biomass [10], an increase from 15.9 MJ·kg−1 to 21.4 MJ·kg−1 for
straw [57,58], and from 18.2 MJ·kg−1 to 23.2 MJ·kg−1 for wooden sawdust [63].
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Figure 9. Higher heating value of the torrefied horse chestnuts, oak acorns, and spruce cones.

3.2. Results of Additional Analysis

Beyond the proximate analysis, which is required for the fuels, additional analysis can also
provide valuable information about the properties of new, alternative fuels. One of these analyses is
the hydrophobicity test. It was observed that the torrefaction process results in the biomass obtaining
better hydrophobicity properties compared to the raw material. Thermal processing of biomass
allows the decomposition of hydroxyl groups, which are responsible for binding the moisture in the
material [64,65]. Thanks to this, biomass after pyrolysis at a lower temperature is characterized by
hydrophobic properties, in contrast to the hydrophilic properties of the raw material. The graphical
illustration of these properties is shown in Figure 10. It can be observed that drops of distilled water
sink into raw material (Figure 10a), but persist on torrefied biomass at 300 ◦C (Figure 10b).

 

(a) (b) 

Figure 10. Type of hydrophobic properties of torrefied biomass: (a) hydrophilic (105◦C); (b) extremely
hydrophobic (300 ◦C).

In accordance with the water drop penetration time test for determining hydrophobic properties,
material that reaches the value over the 3600 s time period is recognized as extremely hydrophobic
material (Table 1). As can be seen in Figure 11, horse chestnuts, oak acorns, and spruce cones obtained
extremely hydrophobic properties at different temperatures of torrefaction. For the horse chestnuts,
it was 260 ◦C, and for the oak acorns it was 220 ◦C. The obtained results are satisfying because
hydrophobic properties were achieved at low torrefaction temperatures. Food waste biomass like
nuts shells or fruit peels and seeds are characterized by extremely hydrophobic properties at a similar
range of temperature. Orange peels are extremely hydrophobic at 240 ◦C, walnut shells at 220 ◦C,
and pumpkin seeds at 260 ◦C [10]. The favorable effect of torrefaction on the hydrophobicity of the
biomass was also noticed by Alvarez et al. [66] and Pouzet et al. [67]. However, a very interesting
result was obtained for spruce cones, which were already extremely hydrophobic in the untreated
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state (raw material). This probably arises from the internal multilayer structure of the spruce cones
and the content of resin. There are studies about the content of resin acids in dependence on the
type of tree. Coniferous trees (e.g., pine or spruce) are characterized by a higher content of resin
acids than deciduous trees (i.e., beech or oak) [68]. The specific content of resin acids in different
parts of the tree was also determined by Eberhardt et al. [69]. This is important from a practical
point of view because it means that they can be stored in the open air without any cover or roofing.
The hydrophobic properties of torrefied biomass can be used in furniture production (garden, kitchen,
bathroom) where water-resistance of the final product is crucial. However, it should be checked that
the thermal processing of the material does not adversely affect its other material properties.

Figure 11. Hydrophobic properties of the raw and torrefied forestry biomass.

Considering the bulk density (ρB) of the forestry biomass, it can be seen that it decreases as the
temperature of torrefaction increases (Figure 12). The bulk density of horse chestnuts ranged from
0.581 g·cm−3 (raw material) to 0.365 g·cm−3 (320 ◦C). For the oak acorns, the ρB was from 0.544 g·cm−3

to 0.369 g·cm−3 and for the spruce cones it ranged from 0.483 g·cm−3 to 0.327 g·cm−3, for the raw
material and torrefied at 320 ◦C, respectively. A slight increase in the specific density (ρS) of the tested
materials was noticed after the torrefaction (Figure 12). Forestry biomass residues torrefied between
200 ◦C and 300 ◦C did not show a change in the specific density. The specific density only increased
significantly at 320 ◦C. This may be associated with a further release of bound moisture and increased
thermal decomposition of the substance. This translates into an increase in pores in torrefied products
and further concentration of heavier compounds in the specific volume of the material. As can be
seen in Figure 13, torrefaction causes an increase in the material’s porosity. The porosity of the raw
material was 59.6% (horse chestnuts), 66.1% (oak acorns) and 68.0% (spruce cones). With increasing
temperature, the porosity reached 81.2%, 83.8%, and 85.1%, respectively. The highest increase in
porosity was observed between 300 ◦C and 320 ◦C. The relationship between bulk density, porosity,
and the torrefaction process has also been described by Nhuchhen et al. [70] and Bach et al. [71]. In their
studies, torrefaction caused a decrease in the bulk density of biomass, while the porosity index tended
to grow.
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Figure 12. Specific and bulk density of the raw and torrefied forestry biomass.

Figure 13. Porosity of the raw and torrefied forestry biomass.

As is well-known, thermal processing causes a mass loss of the treated material. This is associated
with both moisture evaporation and the release of volatile substances from the material. Mass yield
(mass remaining after torrefaction) depends on the moisture, ash, carbon, and volatile matter content in
the biomass. In Figure 14, the mass yield of the tested forestry biomass residues is shown. The highest
mass yield (after torrefaction at 320 ◦C) was 70.6% (mass loss 29.4%), which was observed for the horse
chestnuts. For the oak acorns the mass yield was 76.8% (mass loss 23.2%) and for spruce cones it
was 84.4% (mass loss 15.6%). A similar process was also observed in other studies. The mass loss for
torrefied wood at 280 ◦C was ca. 37%, and was higher than for horse chestnuts, oak acorns, and spruce
cones [72]. The higher mass loss at higher temperatures was also observed for fruit residues [55].
For torrefied oil palm empty fruit bunches at 300 ◦C, the mass yield amounted to 56% (mass loss
at 44%).
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Figure 14. Mass yield of the torrefied forestry biomass.

The energy densification ratio (EDR) in the horse chestnuts, oak acorns, and spruce cones increased
as the temperature of the process also increased (Figure 15). This is related to the much higher HHV of
the torrefied materials compared to the raw biomass. For the horse chestnuts and oak acorns torrefied
at 320 ◦C, the EDR has the same value of 1.4. The HHV of these materials after torrefaction at 320 ◦C
was 40% higher than the HHV of its raw material. For the spruce cones, the EDR amounted to 1.26.
The increase in the EDR testifies to the increase in the HHV. The impact of torrefaction on higher HHV
has been determined in many studies. Increases in HHV after torrefaction was observed for food
wastes (EDR = 1.57) [10], leaves (EDR = 1.37) [61] and wood (EDR = 1.26) [63].

Figure 15. Energy densification ratio in the torrefied forestry biomass.

Based on the mass yield and energy densification ratio, energy yield was determined (Figure 16).
The energy yield increased with the process temperature, but reached a maximum at 280 ◦C. Above this
temperature, the EY fell. Forestry biomass torrefied at 320 ◦C was characterized by the lowest energy
yield, even lower than in the raw material, although, the EDR for this temperature was the highest.
This can be explained by the fact that energy yield depends on the mass loss, which was the lowest at
this temperature. The energy yield factor indicates which temperature of the torrefaction process is
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the most favorable in terms of energy properties. In analyzing other studies, some differences were
observed in energy yield. For torrefied wood and bark, the EY decreased already at the minimal
temperature of the process. Energy yield for wood at 280 ◦C was ca. 11%, and for bark it was 20% [72].
For food wastes (i.e., vegetables, grains, or meats), an initial increase of energy yield was observed,
however, at the higher temperature (300 ◦C) there was a significant decrease in EY. Energy yield
between 250 ◦C and 350 ◦C decreased from 80% to 40% [73].

Figure 16. Energy yield of the torrefied forestry biomass.

4. Conclusions

This study proposes thermal processing (torrefaction) of forestry biomass residues (horse chestnuts,
oak acorns, and spruce cones) as an initial treatment and a means of preparing alternative fuels or
substrates for other applications. The torrefaction process allows for obtaining better fuel properties of
raw biomass. Based on the results it can be concluded that horse chestnuts, oak acorns and spruce cones
are good organic materials for producing alternative fuel. After the torrefaction process, the tested
materials were characterized by very good hydrophobic properties, higher heating value, and higher
energy densification. These properties improve the attractiveness of using these materials as fuel.
Taking into account many physical and chemical parameters, such as volatile matters content, higher
heating value, and fixed carbon content, forestry biomass resembles hard coal after torrefaction, but
still remains biomass, which is recognized as an ecological and environmentally friendly source of
energy. However, the selection of the torrefaction temperature should be preceded by analysis of the
fuel properties. This will help to properly design a valorization process and to save energy inputs as
well as financial expenses.

This research provides a starting point for further analysis of horse chestnuts, oak acorns,
and spruce cones, which could focus on a more detailed explanation of the different properties and
behaviors of these organic matters during thermal processing including, for example, thermogravimetric
analysis (TGA), derivative thermogravimetric (DTG) analysis or differential scanning calorimetry
(DSC) analysis. Also, from a practical point of view, it is worth examining/determining all the costs
involved in the entire logistics chain (harvesting, milling, the torrefaction process, compaction, storage,
transport). Furthermore, the utilization of these residues as substrates for other applications (specific
chemicals, additives, etc.) would also be interesting from a scientific point of view.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/10/2468/s1,
Table S1. Analysis of ash content, volatile matter content, and higher heating value with standard deviation,
and coefficient of variation.; Table S2. Analysis of fixed carbon content, and moisture content with standard
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deviation, and coefficient of variation; Table S3. Analysis of bulk density, specific density, and porosity with
standard deviation, and coefficient of variation; Table S4. Analysis of mass yield, energy densification ratio,
and energy yield with standard deviation, and coefficient of variation; Table S5. Analysis of hydrophobic properties
with standard deviation, and coefficient of variation.
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Abbreviations

AC ash content
DSC differential scanning calorimetry
DTG derivative thermogravimetry
EDR energy densification ratio
EU European Union
EY energy yield
FCC fixed carbon content
HHV higher heating value
MC moisture content
MY mass yield
RES renewable energy sources
TGA thermogravimetric analysis
WDPT water drop penetration time
VMC volatile matter content
VOC volatile organic compound
ρB bulk density
ρS specific density
ε porosity
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Abstract: The paper presents, for the first time, the results of fuel characteristics of biochars from
torrefaction (a.k.a., roasting or low-temperature pyrolysis) of elephant dung (manure). Elephant dung
could be processed and valorized by torrefaction to produce fuel with improved qualities for cooking.
The work aimed to examine the possibility of using torrefaction to (1) valorize elephant waste and to
(2) determine the impact of technological parameters (temperature and duration of the torrefaction
process) on the waste conversion rate and fuel properties of resulting biochar (biocoal). In addition, the
influence of temperature on the kinetics of the torrefaction and its energy consumption was examined.
The lab-scale experiment was based on the production of biocoals at six temperatures (200–300 ◦C;
20 ◦C interval) and three process durations of the torrefaction (20, 40, 60 min). The generated biocoals
were characterized in terms of moisture content, organic matter, ash, and higher heating values.
In addition, thermogravimetric and differential scanning calorimetry analyses were also used for
process kinetics assessment. The results show that torrefaction is a feasible method for elephant dung
valorization and it could be used as fuel. The process temperature ranging from 200 to 260 ◦C did not
affect the key fuel properties (high heating value, HHV, HHVdaf, regardless of the process duration),
i.e., important practical information for proposed low-tech applications. However, the higher heating
values of the biocoal decreased above 260 ◦C. Further research is needed regarding the torrefaction of
elephant dung focused on scaling up, techno-economic analyses, and the possibility of improving
access to reliable energy sources in rural areas.

Keywords: torrefaction; biorenewable energy; biowaste; biocoal; alternative fuel; waste management;
manure; thermal valorization; thermogravimetric analysis; differential scanning calorimetry

1. Introduction

It is estimated that there are around~450,000 elephants today, of which 400,000 are in Africa and
50,000 in Asia. In Africa, these mammals live in 34 countries (Angola, Benin, Botswana, Burkina Faso,
Cameroon, Central African Republic, Chad, Congo, Ivory Coast, Equatorial Guinea, Eritrea, Ethiopia,
Gabon, Gana, Guinea, Bissau, Kenya, Liberia, Malawi, Mali, Mozambique, Namibia, Niger, Nigeria,
Rwanda, Senegal, Sierra Leone, Somalia, South Africa, Sudan, Tanzania, Togo, Uganda, Zambia,
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Zimbabwe), and on the Asian continent they can be found in 15 countries (India, Nepal, Bhutan
and Bangladesh, China, Burma, Thailand, Cambodia, Laos, Vietnam, Malaysia, Andaman Islands,
Sri Lanka, Sumatra, Borneo) [1]. The daily amount of dung produced by one elephant is 100–150 kg.
The weight of elephant excrement depends on the amount of consumed water [2–4]. Thus, taking into
consideration the conservative estimate of the minimum dung weight (100 kg), the daily and annual
dung production on a global scale is 45,000 Mg and more than 16 million Mg, respectively, i.e., a large
amount of biowaste that could be valorized [2–4].

From an ecological point of view, untreated animal waste or handling, air-drying and combustion
without prior treatment can be problematic due to health and environmental concerns, such as elevated
risk of contamination with pathogens, contamination of drinking water sources, gaseous emissions of
odor, hydrogen sulfide, ammonia, and other toxic gases [5,6]. In addition, the loss of nutrients from
dung associated with current practices can also represent economic losses due to its lower value as a
fertilizer [5].

We propose a solution to these problems with the introduction of the torrefaction process to
manage and valorize the elephant dung. Resulting biocoal can be used as a fuel with a useful high
heating value (HHV). Research with slow pyrolysis and hydrothermal carbonization of other types of
livestock manure resulted in HHVs ranging from 15.8 to 18.4 MJ/kg [7]. Qambrani et al. [8] showed
that biocoal from animal manure contains more N compared to biochar from plant residues. Although
the pore structure is more organized in biochar from plant sources, the fertilizer quality and heavy
metal adsorbability were found to be excellent in manure biochars. On the other hand, some raw
waste types (such as poultry manure or sewage sludge) can contain a large amount of copper and zinc,
which limits its use as a fertilizer. The proposed concept to valorize elephant manure can provide new
technologies for using the torrefaction process in rural areas, which can be used to obtain better quality
fuel and fertilizer.

To date, several methods to valorize elephant dung have been proposed. Vermicomposting is
a biological process in which the organic fraction of dung is decomposed by microorganisms and
earthworms under controlled environmental conditions to a level when it can be applied on arable
land. This method can be ecological and economically profitable [9]. Vermicomposting of animal dung
from the zoo was investigated in pilot-scale by a team of scientists in Mexico [6]. Elephant dung was
also used for research by scientists in Thailand for the production of biogas in co-fermentation with
water hyacinth and fermentation on a laboratory scale. In the case of co-fermentation, the calorific
value of biogas was 15.05 MJ·m−3 [10,11].

Biohydrogen production through anaerobic mixed cultures of microorganisms found in elephant
dungs was also researched in laboratory conditions. It is based on simultaneous saccharification and
fermentation of cellulose. The bacteria break down the cellulose to glucose, and then non-cellulolytic
bacteria from the formed glucose produces hydrogen [12,13]. The microorganism’s culture from
elephant dung stimulated the production of H2 from cellulose. It was assumed that cellulolytic bacteria
in the dung originate from the plant diet of the elephant. Animal manure, including elephant dung,
was also the subject of research conducted in Thailand on cellulolytic bacteria for the direct production
of butanol from cellulose, which could be an alternative to fuel obtained from petroleum [14].

The knowledge about practical considerations for the valorization of elephant dung and the
progression from lab to full-scale (e.g., costs of construction and operation ) is limited. There are also
questions about the storage and distribution of finished products (e.g., fuel briquettes for cooking),
which could be prohibitively expensive for long-range transport. Life-cycle analyses could be useful to
assess the critical transport range [15]. It is equally important to consider managing the residues (e.g.,
raw dung and sludge), which may require specialized collection, storage, treatment, and disposal. It has
not been described yet how existing or developing technologies (anaerobic digestion, biohydrogen
production) could be used for waste management, especially in rural regions in which elephant dung is
available in large quantities. Thus, there is a need to find local-scale solutions suited for these regions,
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which should be safe, inexpensive, simple to build, use and maintain, dependable, and not generating
another waste stream to manage.

We propose an alternative solution for elephant dung management via torrefaction (Figure 1).
Torrefaction (a.k.a., ‘roasting’ or low-temperature pyrolysis) is a thermochemical process occurring
at 200–300 ◦C without the presence of an oxidant. Jia et al. [16] described the possibility of using a
co-gasification of woody biomass and animal manure as a useful technology to utilize organic waste,
which could be practical in the case of elephant dung as well. The elephant dung fuel produced may be
an attractive source of rural fuel. For example, in India alone, 6.3% of all households use the so-called
‘dung cake’ to produce the energy needed for cooking [17]. Assuming 1.34 billion people in India
in 2018 [18] and that one household comprises 10 people, as many as ~8.4 million households use
dung cake for energy production. Although the torrefaction process requires some energy, it is also
the most promising technology for organic waste treatment for its highest greenhouse gas mitigation
potential [19]. The produced biocoal, especially when pelletized, poses a lower environmental risk
during transport, storage, and combustion, in addition to lowering the risks of sanitary and aquatic
pollution [20,21]. Therefore, torrefaction could be one of the potential technologies for elephant dung
utilization that are sustainable.

Figure 1. The proposed valorization of elephant dung (manure) via torrefaction.

To date, no work has been carried out on the torrefaction of elephant dung as a method for the
production of fuel. Local-scale torrefaction can address challenges with dung management, through
its valorization, while improving the socio-economic situation in rural households. Therefore, the
research carried out was aimed at determining:

• Whether torrefaction can be used as a method of preliminary valorization of elephant dung;
• Whether the duration of the torrefaction process at a given temperature affects the dung conversion

rate (e.g., mass loss, energy densification, and improved fuel properties);
• Whether energy consumption is needed for the torrefaction of elephant dung.

2. Materials and Methods

2.1. Feedstock

The study used Asian elephant dung from the Zoological Garden, located in Wrocław, Poland.
The 5 kg sample was dried at 105 ◦C for 24 h in a laboratory dryer, followed by milling to the grain size
of ≤0.425 mm with the laboratory knife mill (TESTCHEM, model LMN-100, Pszów, Poland) to make
the sample homogeneous. Samples were frozen at −15 ◦C for further testing.

2.2. Biocoal Production Method via Torrefaction

A scheme of the experiment is shown in Figure 2. The biocoal production process was carried out
in triplicates according to the methodology presented by [22] at six temperatures from 200 to 300 ◦C
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(20 ◦C intervals) at 20, 40, 60 min for each interval, followed by the cooling phase. The biocoals were
generated using a muffle furnace (Snol, model 8.1/1100, Utena, Lithuania). CO2 inert gas was provided
to the furnace to ensure non-oxidative conditions. The elephant dung samples were heated from 20 ◦C
to set point at 50 ◦C·min−1. The cooling times were 38 min, 33 min, 29 min, 23 and 13.5 min, from
torrefaction setpoints of 300 ◦C, 280 ◦C, 260 ◦C, 240 ◦C, and 220 ◦C to 200 ◦C, respectively. After the
CO2 supply was cut off, the biocoals were removed from the furnace when the interior temperature
was <200 ◦C. The mass of the sample was determined before and after the cooling process in order to
calculate the mass loss. Dung samples of 10 ± 0.5 g (dry mass, d.m.) were used to produce biocoal.

Figure 2. Scheme of experiments – biocoal production via torrefaction of elephant dung to determine the
process kinetics with thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC).

2.3. Proximate Analysis of Raw and Torrefied Elephant Dung

Physical and chemical properties were subjected to raw material and produced biocoals.
The following tests were made in three replicates using the following standard methods:
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• Moisture content (MC) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 105 ◦C, time 24 h, in accordance with the PN-EN 14346:2011 standard [23],

• Organic matter content (OM) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 550 ◦C, time 4 h, in accordance with the PN-EN 15169:2011 standard [24],

• ash and combustible parts (CP) by means of a laboratory dryer (WAMED, model KBC-65W,
Warsaw, Poland) at temperature 815 ◦C, time 4 h in accordance with the PN-Z-15008-04:1993
standard [25],

• High heating value (HHV) by means of the IKA C2000 Basic calorimeter, at 17–25 ◦C, 30 bar
pressure in accordance with the PN-G-04513:1981 standard [26].

2.4. Thermogravimetric Analysis (TGA) of Elephant Dung

Thermogravimetric analyses (TGA) were first performed in isothermal conditions to determine
the kinetics parameters (k—reaction rate constants and Ea—activation energy) of the torrefaction
process of elephant dung. Reaction rate constants were determined for the following temperatures:
200 ◦C, 220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, and 300 ◦C in accordance with the methodology and reactor
set-up presented elsewhere [22]. First, the empty furnace was pre-heated to the set point. Then, 3 g of
dry dung was placed in the steel crucible and placed in the furnace for 1 h. Measurement of mass
loss was performed using a balance coupled to a steel crucible at 10 s intervals with 0.01 g accuracy.
The calculating methodology for the kinetic parameters is presented in Section 2.6.2. The kinetics
parameters (reaction rate and activation energy) were calculated.

TGA analyses were also completed in non-isothermal conditions to obtain more comprehensive
data on the thermal degradation of elephant dung. These TGA analyses were performed at rising
temperatures (from 20 ◦C to 850 ◦C) at a heating rate of 650 ◦C·h−1 (10.83 ◦C·min−1). The sample
was heated for 2 min after reaching a set point. The study of kinetic parameters and thermal
degradation was performed using the stand-mounted tubular furnace (Czylok, RST 40x200/100,
Jastrzębie-Zdrój, Poland).

2.5. Differential Scanning Calorimetry (DSC) of Raw Elephant Dung

Differential scanning calorimetry (DSC) analysis was carried out using a differential scanning
calorimeter (TA Instruments, DSC Q2500, New Castle, DE, USA). Approximately 6 mg of the tested
material was weighed into the aluminum hermetic crucible. Each sample (n = 1) was then placed in
the analyzer and heated from 10 ◦C to 300 ◦C at a heating rate of 10 ◦C·min−1. The N2 inert gas was
supplied at 3 dm3·h−1 flowrates. The analysis provided information on endothermic and exothermic
changes during torrefaction.

2.6. Data-Processing Calculation Methods

2.6.1. Mass Yield, Energy Densification Ratio, and Energy Yield

The mass yield, energy densification ratio, and energy yield of each of the variants were determined
based on Equations (1)–(3), respectively [27]:

MY =
mb
ma
·100 (1)

where:

MY—mass yield, %
ma—the mass of dry elephant dung before torrefaction, g,
mb—the mass of dry biocoal after torrefaction, g.

EDr =
HHVb
HHVa

(2)
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where:

EDr—energy densification ratio, -,
HHVb—the high heating value of biocoal, J·g−1,
HHVa—the high heating value of raw elephant dung, MJ·kg−1.

EY = MY·EDr (3)

where:

EY—nergy yield, %,
MY—mass yield, %
EDr—energy densification ratio, -,

The ash-free value of the HHV was determined based on [28]:

HHVda f =
HHV

M f −Mash
(4)

where:

HHVdaf—high heating value on dry and ash-free base, MJ·kg−1,
HHV—high heating value, MJ·kg−1,
Mf—dry mass of fuel, kg,
Mash—the mass of ash in fuel, kg.

2.6.2. Calculation of Kinetics Parameters (Reaction Rate and Activation Energy)

The data obtained from isothermal TGA analysis were used to determine the reaction rate (k)
constant for each temperature, based on the first-order model [22]:

ms = mo·e−k·t (5)

where:

ms—mass after time t, g,
mo—initial mass, g,
k—the reaction rate constant, s−1,
t—time, s.

The nonlinear estimation of k in Equation (5) for each temperature was made with the Statistica
13.3 software (StatSoft, Inc., TIBCO Software Inc. Palo Alto, CA, USA). The Arrhenius plot was created
(ln(k)(T) vs. 1/T) on the basis of k values for individual temperatures [29], and a trend line was found:

y = a·x + b (6)

Then, the activation energy (Ea) values [22] were determined as follows:

Ea = −(a·R) (7)

where:

Ea—activation energy, J·mol−1,
a—the coefficient from Equation (6), K,
R—gas constant, J·mol−1·K−1.
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2.6.3. Calculation of Energy Demand for Torrefaction of Elephant Dung

The results from the DSC and TGA analyses were used to calculate the actual energy demand in
processing dry elephant dung (to heat dung from 20 ◦C to 300 ◦C) in accordance with the methodology
presented in a previous paper [30]. The lack of TGA analysis causes overestimated energy amount
needed to process the material, due to the decreasing amount of material during torrefaction caused
by its devolatilization. The following is an example of the model use where the calculation for 1 g
of the raw elephant dung torrefied at 300 ◦C was considered. The total amount of energy needed to
processing raw elephant dung was calculated by adding the energy needed to evaporate water from
raw elephant dung to the result from the model of dry elephant dung. The energy needed to evaporate
water was calculated by Equation (8) [31]:

Q = m·ΔT·cp + m·co (8)

where:

Q—the total amount of heat needed to heat and evaporate water, J,
m—the mass of water in the sample, g,
ΔT—the temperature difference between ambient temperature (20 ◦C) and boiling point (100 ◦C),
under normal pressure conditions, ◦C,
cp—specific heat of water, 4.2 J·(g·◦C)−1,
co—the heat of water evaporation, 2257 J·g−1.

2.6.4. Modeling of Torrefaction Process and Biocoal Fuel Properties

Polynomial models of the influence of torrefaction temperature and time on torrefaction process
and biocoals fuel parameters were developed. These models were based on measured data from
the torrefaction process, and biocoal properties for a particular temperature and time using a similar
modeling approach described in our previous work [32]. Equations describing MY, EDr, EY, organic
matter content, combustible parts, ash, HHV, and HHVdaf for biocoal were developed. The general
form of the applied polynomial equation was:

f (T, t) = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t2 (9)

where:

f(T,t)—the property (T, t, & combinations) being analyzed,
a1—intercept,
a2–a7—regression coefficient,
T—process temperature, ◦C,
t—process time, min.

Regression analysis used a 2-degree polynomial with a general form, with intercept (a1) and
six regression coefficients (a2–a7). The confidence interval of the parameter evaluations (a1–a7) was
95%. All parameters for which the results of p-value were <0.05, were assumed to be statistically
significant. The results of the analysis are presented in the form of equations. as well as the correlation
coefficients (R) and determination coefficients (R2). The results of the DSC analysis were also subjected
to polynomial regression analysis in order to determine a useful model of the specific heat (SH) of
elephant dung for 200–300 ◦C. The polynomial regression analysis was used because the torrefaction
process has a non-linear character. The results were presented in the form of an equation describing the
dependence of the change of specific heat of elephant dung as a function of temperature. The general
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form of the polynomial used is in the form of Equation (10). Nine regression coefficients were used to
provide a higher level of matching model to raw data.

SH = a1 + a2·T + a3·T2 + a4·T3 + a5·T4 + a6·T5 + a7·T6 + a8·T7 + a9·T8 (10)

where:

SH—specific heat of elephant dung as a function of temperature, J·(kg·◦C)−1,
a1—intercept,
a2–a9—regression coefficient,
T—torrefaction temperature, ◦C.

Nonlinear regression and evaluation of intercepts and regressions coefficients (p < 0.05) were
completed with Statistica software (13.3, StatSoft, Palo Alto, CA, USA).

2.6.5. Statistical Analysis

An analysis of variance (ANOVA) evaluation of differences between mean values was performed
with the application of post-hoc Tuckey’s test, at the p < 0.05 significance level. For statistical data
evaluation, the Statistica software (13.3, StatSoft, Palo Alto, CA, USA) was used.

3. Results

3.1. Result of the Torrefaction Process

The mass yields (MY) for elephant dung biocoals (Figure 3) showed a downward trend with the
increase of process temperature. The highest mass yields values were obtained for biocoal generated at
200 ◦C and were above 90%. The lowest MY was for 300 ◦C, in this case, the mass yield decreased to
66%. All regression coefficients were statistically significant (p < 0.05) in the MY model, (R2 = 0.75)
(Table 1). Detailed MY data are shown in Table A2.

Figure 3. The influence of temperature and time on the mass yield of biocoal from elephant dung.
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Table 1. Statistical evaluation of mass yield of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 −2.58 × 102 2.18 × 102 0.00 −7.38 × 102 2.22 × 102

a2 2.72 × 100 1.44 × 100 0.00 −4.52 × 10−-1 5.89 × 100

a3 −5.12 × 10−3 2.39 × 10−3 0.00 −1.04 × 10−2 1.41 × 10−4

a4 6.91 × 100 6.19 × 100 0.00 −6.71 × 100 2.05 × 101

a5 −4.22 × 10−2 4.01 × 10−2 0.00 −1.30 × 10−1 4.61 × 10−2

a6 −3.01 × 10−2 2.45 × 10−2 0.00 −8.40 × 10−2 2.38 × 10−2

a7 7.70 × 10−7 0.00 × 100 0.00 7.70 × 10−7 7.70 × 10−7

MY = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·t + a7·T2·t, R2 = 0.75, R = 0.87; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The energy yield (EY) of the biochar from elephant dung (Figure 4) also decreased with the
increase of temperature and did not change with time. The biocoals produced at 200 ◦C resulted in
more than 105% EY compared to raw material. However, the EY dropped below 68% for torrefaction
at 300 ◦C. All regression coefficients were statistically significant (p < 0.05) for the EY model (R2 = 0.85)
(Table 2).

Figure 4. The influence of temperature and time on the energy yield in biocoal from elephant dung.

The energy densification ratio (EDr) in biocoals generated from elephant dung (Figure 5) decreased
with increasing temperature and did not change much with time. Biocoals produced at 200 ◦C had
the highest EDr of ~1.1, while biocoals generated at 300 ◦C had the lowest EDr (~0.9). All regression
coefficients were statistically significant (p < 0.05) for the EDr model (R2 = 0.83) (Table 3).
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Table 2. Statistical evaluation of energy yield of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 −1.19 × 102 2.48 × 102 0.00 −6.65 × 102 4.27 × 102

a2 1.69 × 100 1.64 × 100 0.00 −1.91 × 100 5.30 × 100

a3 −3.17 × 10−3 2.72 × 10−3 0.00 −9.16 × 10−3 2.82 × 10−3

a4 8.26 × 100 7.04 × 100 0.00 −7.23 × 100 2.38 × 101

a5 −4.74 × 10−2 4.56 × 10−2 0.00 −1.48 × 10−1 5.30 × 10−2

a6 −3.65 × 10−2 2.79 × 10−2 0.00 −9.78 × 10−2 2.48 × 10−2

a7 8.73 × 10−7 0.00 × 100 0.00 8.73 × 10−7 8.73 × 10−7

EY = a1 + a2·T+ a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.85, R = 0.92; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

Figure 5. The influence of temperature and time on the energy densification ratio in biocoal from
elephant dung.

Table 3. Statistical evaluation of energy densification ratio of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 1.99 × 100 1.38 × 100 0.00 −1.05 × 100 5.04 × 100

a2 −7.21 × 10−3 9.14 × 10−3 0.00 −2.73 × 10−2 1.29 × 10−2

a3 1.41 × 10−5 1.52 × 10−5 0.00 −1.93 × 10−5 4.75 × 10−5

a4 2.23 × 10−2 3.93 × 10−2 0.00 −6.41 × 10−2 1.09 × 10−1

a5 −9.11 × 10−5 2.54 × 10−4 0.00 −6.51 × 10−4 4.69 × 10−4

a6 −1.06 × 10−4 1.55 × 104 0.00 −4.48 × 10−4 2.36 × 10−4

a7 1.90 × 10−9 0.00 × 100 0.00 1.90 × 10−9 1.90 × 10−9

EDr = a1 + a2·T + a3·T2 + a·t + a5·t2 + a6·t+a7·T2t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.
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3.2. Result of Proximate Analysis of Raw and Torrefied Elephant Dung

The content of organic matter (OM) decreased as the temperature and the retention time increased.
The lowest OM value was 28.26% for torrefaction at 280 ◦C and 60 min, and for torrefaction at 300 ◦C in
time 20 min and 40 min (Figure 6, Table A1). Analysis of variance showed that statistically significant
differences occur between the results obtained at 260 ◦C, 280 ◦C, and 300 ◦C, (p < 0.05) (Figure A1,
Table A3). All regression coefficients were statistically significant (p< 0.05) for the OM model (R2 = 0.83)
(Table 4).

Figure 6. The influence of temperature and time on the organic matter content in biocoal from
elephant dung.

Table 4. Statistical evaluation of organic matter content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 9.74 × 101 6.33 × 101 0.00 −3.00 × 101 2.25 × 102

a2 1.24 × 10−2 4.18 × 10−1 0.00 −8.29 × 10−1 8.54 × 10−1

a3 −4.95 × 10−4 6.95 × 10−4 0.00 −1.89 × 10−3 9.03 × 10−4

a4 −3.25 × 100 1.80 × 100 0.00 −6.87 × 100 3.62 × 10−1

a5 3.20 × 10−2 1.16 × 10−2 0.00 8.53 × 103 5.54 × 10−2

a6 9.62 × 10−3 7.11 × 10−3 0.00 −4.69 × 10−3 2.39 × 10−2

a7 −3.85 × 10−7 0.00 × 100 0.00 −3.85 × 10−7 −3.85 × 107

OM = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The ash content was inversely proportional to the OM content and increased to over 71% in
comparison to 50.81% for raw dung (Table A1) in biocoal produced at 280 and 300 ◦C at 60 min
(Figure 7). Analysis of variance showed statistically significant differences between the results for

31



Energies 2019, 12, 4344

temperatures 260 ◦C, 280 ◦C, and 300 ◦C (p < 0.05), (Figure A2, Table A4). All regression coefficients
were statistically significant (p < 0.05) for the ash content model (R2 = 0.83) (Table 5).

Figure 7. The influence of temperature and time on the ash content in biocoal from elephant dung.

Table 5. Statistical evaluation of ash content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 −2.82 × 100 6.34 × 101 0.00 −1.30 × 102 1.25 × 102

a2 2.76 × 10−2 4.19 × 10−1 0.00 −8.15 × 10−1 8.70 × 10−1

a3 4.22 × 10−4 6.95 × 10−4 0.00 −9.76 × 10−4 1.82 × 10−3

a4 3.32 × 100 1.80 × 100 0.00 −3.01 × 10−1 6.94 × 100

a5 −3.24 × 10−2 1.17 × 10−2 0.00 −5.58 × 10−2 −8.93 × 10−3

a6 −9.87 × 10−3 7.12 × 10−3 0.00 −2.42 × 10−2 4.44 × 10−3

a7 3.91 × 10−7 0.00 × 100 0.00 3.91 × 10−7 3.91 × 10−7

Ash = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The content of combustible parts (CP) decreased with time and the rise of the process temperature.
Raw elephant dung had a CP = 48.9% (Table A1). During the torrefaction, the CP decreased to 28.6%
at 60 min and 300 ◦C (Table A1, Figure 8). The analysis of variance showed numerous statistically
significant differences, the majority of which occurred between 260 ◦C, 280 ◦C, and 300 ◦C (Table A5,
Figure A3). All regression coefficients were statistically significant (p< 0.05) for the CP model (R2 = 0.67)
(Table 6).
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Figure 8. The influence of temperature and time on the combustible parts in biocoal from elephant dung.

Table 6. Statistical evaluation of ash content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 −1.19 × 102 1.14 × 102 0.00 −3.48 × 102 1.11 × 102

a2 1.61 × 100 7.54 × 10−1 0.00 9.02 × 10−2 3.12 × 100

a3 −3.10 × 10−3 1.25 × 10−3 0.00 −5.62 × 10−3 −5.79 × 10−4

a4 −2.38 × 10−1 3.24 × 100 0.00 −6.75 × 100 6.28 × 100

a5 1.73 × 10−2 2.10 × 10−2 0.00 −2.49 × 10−2 5.95 × 10−2

a6 −5.28 × 10−3 1.28 × 10−2 0.00 −3.11 × 10−2 2.05 × 10−2

a7 −4.29 × 10−8 0.00 × 100 0.00 −4.29 × 10−8 −4.29 × 10−9

CP = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.67, R = 0.82; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The decrease in the HHV of the biocoals produced from the elephant dung was observed along
with the increase of temperature and time (Figure 9, Table A1, Figure A4). The highest HHV was
obtained for the biocoal generated at 200 ◦C and 60 min. A similar trend was discovered by Li et al., [33].
They explained this phenomenon by the effect of specific biocoal properties (pH; C, H, N, S, O content;
specific surface area) and noticed also a possibility of predicting the biocoal yield of a group of
feedstocks with similar physiochemical properties.

The average HHV was 13 MJ·kg−1 and was higher than the HHV of raw elephant dung (by
1.59 MJ·kg−1) and higher than the lowest HHV for the biocoal obtained at 300 ◦C and 60 min (by
6.51 MJ·kg−1). The HHV is affected by the high ash content in the biocoals and raw material. Thus,
it was decided to estimate the value of HHV on an ash-free basis (HHVdaf). The highest average
HHVdaf was obtained for the biocoal generated at 280 ◦C and for 60 min (27.20 MJ·kg−1) (Figure 10,
Table A1). Regression coefficients for the HHV and HHVdaf were statistically significant (p < 0.05), the
proposed model worked well for HHV but was less representative for HHVdaf (R2 were 0.74 and 0.21,
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respectively) (Tables 7 and 8). Analysis of the variance of average values of HHV showed statistically
significant differences between the results for 280 ◦C and 300 ◦C and 40 & 60 min (p < 0.05) (Figure A4,
Table A6). This result has practical implications for the collection and initial processing of elephant
dung to minimize mineral ash content and impurities and to maximize the HHV.

Figure 9. The influence of temperature and time on the high heating value (HHV) in biocoal from
elephant dung.

Figure 10. The influence of temperature and time on the HHVdaf in biocoal from elephant dung.
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Table 7. Statistical evaluation of the high heating value of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 2.25 × 101 1.50 × 101 0.00 −7.67 × 100 5.27 × 101

a2 −3.04 × 10−2 9.92 × 10−2 0.00 −2.30 × 10−1 1.69 × 10−1

a3 −2.45 × 10−6 1.65 × 10−4 0.00 −3.34 × 10−4 3.29 × 10−4

a4 −6.30 × 10−1 4.26 × 10−1 0.00 −1.49 × 100 2.27 × 10−1

a5 6.68 × 10−3 2.76 × 10−3 0.00 1.12 × 10−3 1.22 × 10−2

a6 1.84 × 10−3 1.69 × 10−3 0.00 −1.55 × 10−3 5.23 × 10−3

a7 −8.13 × 10−8 0.00 × 100 0.00 −8.13 × 10−8 −8.13 × 10−8

HHV = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.74, R = 0.86; T* ranged from 200 ◦C to 300 ◦C, t*
ranged from 20 min to 60 min; * more information in Section 2.2.

Table 8. Statistical evaluation of high heating value on the dry ash-free basis of biocoal from
elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 3.54 × 101 2.99 × 101 0.00 −2.48 × 101 9.56 × 101

a2 −1.28 × 10−1 1.98 × 10−1 0.00 −5.25 × 10−1 2.70 × 10−1

a3 2.91 × 10−4 3.28 × 10−4 0.00 −3.69 × 10−4 9.52 × 10−4

a4 −1.04 × 10−1 8.49 × 10−1 0.00 −1.81 × 100 1.60 × 100

a5 6.68 × 10−4 5.50 × 10−3 0.00 −1.04 × 10−2 1.17 × 10−2

a6 4.75 × 10−4 3.36 × 10−3 0.00 −6.29 × 10−3 7.23 × 10−3

a7 −1.03 × 10−8 0.00 × 100 0.00 −1.03 × 10−8 −1.03 × 10−8

HHVdaf = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2·t, R2 = 0.21, R = 0.45; T* ranged from 200 ◦C to 300 ◦C, t*
ranged from 20min to 60 min; * more information in Section 2.2.

3.3. Result of the Thermogravimetric Analysis (TGA) of Elephant Dung

Table 9 summarizes kinetics parameters based on the TGA analyses and the mass loss data.

Table 9. The values of reaction rate constants and activation energy for elephant dung torrefaction.

T, ◦C T−1, ◦C−1 k, s−1 ln(k), s−1 Ea, J·mol−1

200 2.11 × 10−3 1.16 × 10−5 a −11.40

17,700

220 2.03 × 10−3 1.24 × 10−5 a −11.30
240 1.95 × 10−3 1.49 × 10−5 a −11.10
260 1.88 × 10−3 1.50 × 10−5 a −11.10
280 1.81 × 10−3 1.92 × 10−5 a,b −10.90
300 1.75 × 10−3 2.73 × 10−5 b −10.50

a, b—letters present a lack of statistically significant differences between k values (p < 0.05).

The obtained values of k were analyzed by ANOVA, which showed that there were statistically
significant differences (p < 0.05) for biocoal produced at 300 ◦C, and those obtained at 200 ◦C, 220 ◦C,
240 ◦C, and 260 ◦C, respectively. There were no statistical differences between k for 280 and 300 ◦C
and k for 200–260 ◦C range. Kim et al. indicated that different optimal temperatures should be
selected for different types of manure to maximize the energetic retention efficiency [34]. The energy
yield of hydrochar (48.0–71.9%) is higher than that of pyrolysis char (31.5–52.4%), implying that
the carbonization process, rather than the reaction temperature, is also a key factor that affects the
energy yield of manure [35]. The TGA analysis showed the most substantial mass decrease in the
first repetition to 54% of the initial mass of the sample, while in the second and third repetitions, the
mass decreased to 64% and 62%. The loss of mass began at a temperature of ~300 ◦C, and it started to
stabilize after exceeding ~600 ◦C (Figure 11).
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Figure 11. The thermogravimetric characteristic of elephant dung.

New knowledge on the substrates of elephant dung was gained from the TGA analyzes.
There was a characteristic peak start at ~330 ◦C with a maximum at ~500 ◦C, most likely related
to the decomposition of undigested (by elephant) cellulose and lignin from consumed biomass.
The decomposition of cellulose and lignin takes place at 305–375 ◦C and 250–500 ◦C, respectively [36].
No degradation of hemicellulose was observed based on the DTG (derivative thermogravimetry)
analysis. The decomposition of hemicellulose takes place at 225–325 ◦C [36]. However, the apparent
lack of mass change in this temperature range (Figure 11) does not necessarily indicate a lack of
hemicelluloses content. It is also likely that particular decompositions could be superimposed [36] and
could not be detected by the lack of precision of the used thermogravimetric analyzer.

3.4. Differential Scanning Calorimetry (DSC) of Elephant Dung

DSC analysis showed that during heating, two endoenergetic transformations occurred (Figure 12).
At the beginning of the experiment, the energy was supplied to the sample to raise the temperature

of the system. The first observation was that transformation began at 37 ◦C. Here, the energy was
delivered to heat a sample and to initiate its transformation, which reached its maximum value at 80 ◦C
and ended at 146 ◦C. The total energy demand for this first transformation was 66.17 J·g−1. After the
first transformation ended, the energy needed only for heating the sample was supplied to the system
(146–158 ◦C). The second transformation began at 158 ◦C, reached its maximum at 216 ◦C, and ended
at 252 ◦C, requiring only 9.76 J·g−1. After the second transformation occurred, the energy required for
heating decreased significantly. After T > 252 ◦C the exothermic reaction occurred.

The total energy demand for the whole process including heating and transformations of dry
elephant dung was 485.37 kJ·kg−1 for the −20 to 300 ◦C range. The estimate for process energy demand
calculated by model for torrefaction [30] decreased to 484.81 kJ·kg−1, and it was due to mass loss during
the process. In addition, the heating and evaporation of the water contained in raw elephant dung
(moisture content 49.19%), results in the additional 1275.49 kJ·kg−1 (Equation (8)) energy demand.
Thus, the total energy demand for processing of raw elephant dung (heating, moisture evaporation,
and torrefaction) is 1760.30 kJ·kg−1.
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Figure 12. The differential scanning calorimetry (DSC) characteristic of elephant dung.

4. Discussion

4.1. The Impact of Technological Parameters on the Efficiency of the Process

A related torrefaction study carried out on cow manure showed that the MY of torrefaction
decreased with the increase of the process temperature [37], similar to the finding in this research.
The torrefied elephant dung (200–300 ◦C at 40 min) had the MY of 100–68%, whereas it was 90–55%
for cow manure at the same process conditions [37]. Differences in MY could be explained by a
greater decomposition of biodegradable substrates at lower temperatures. Also, elephant dung had
higher moisture and OM content compared with the cow manure. In addition, it has been reported
that it is possible to change specific surface area (SSA) as a result of morphological changes due
to thermal condensation, and it could be exploited in different materials [38]. The energy yield of
torrefaction of cow manure decreased from around 92% at 200 ◦C to approximately 57% at 300 ◦C,
whereas elephant dung were of 110% and 60%, respectively. The EDr ratio for cow manure had
the same downtrend as elephant dung [37]. It was also noticed that there are different degradation
processes in the studied range of 200–300 ◦C. Lignocellulose degradation occurs at approximately
120 ◦C; hemicellulose degradation occurs at 200–260 ◦C; cellulose degradation occurs at 240–350 ◦C;
while lignin degradation occurs at 280–350 ◦C [39], which due to the observation of narrow temperature
ranges could have affected the lack of a decrease or increase trend in the case of obtained moisture
and MY.

4.2. Proximate Analyses of Elephant Dung and Biocoals

The average moisture content in the elephant dung was 49.19%. The moisture content of dung
depends on the amount of water consumed by the animal. For example, pig manure could have
a moisture content of ~35–82%, whereas cow manure is of ~66–97% [40–42]. In the case of poultry
manure, moisture content ranges from ~5 to 40% [40]. The OM content in the studied elephant dung
was 48.09% (d.m.). For comparison, the OM content for Indian elephant and rhinoceros were 52%
and 56%, respectively [43]. For yet another case of the cattle manure, an OM content was ~74% [44].
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These OMs are much lower than those reported in related torrefaction studies for pruned biomass of
Paulownia (90%) [45], or brewery spent grain (96%) [46].

The elephant dung had a higher ash content (50.81%, d.m.) than the maximum content of ash in
pig manure (21.4% d.m.), cow manure (32.8% d.m.) and chicken manure (34% d.m.) [40,47]. The HHV
of elephant dung was 11.41 MJ·kg−1 and was lower than HHV in chicken manure (13 MJ·kg−1), cow
manure (12.7–17.2 MJ·kg−1), or pig manure (18.1–19.5 MJ·kg−1) [37,40,41,48]. The low value of HHV is
likely caused by high ash content, i.e., the calculated ash-free HHV was as high as 23 MJ·kg−1.

The HHV of the torrefied dung was not much higher than the raw sample (Table A1). For biocoal,
the highest HHV was 13 MJ·kg−1 (260 ◦C, 60 min), and a further increase in temperature and time
caused a decrease in its value. The low increase of HHV in comparison to the raw base for cow dung
was reported by Pahla et al. [37] and HHV increased from 16.78 to 18.64 MJ·kg−1 (at 300 ◦C). A small
increase of HHV in dung biocoal is directly affected by a low amount of fixed carbon (high amount of
ash content). During torrefaction, fixed carbon is enhanced by thermal degradation of hemicellulose
and part of cellulose and lignin [49]. The decomposition of these constituents results in releases of
compounds with low energy content, leaving organic compounds with higher energy content [50].
Cow manure, similarly to elephant dung did not experience high HHV enhancement likely because it
had less OM and more ash content. Pulka et al. [28] tested sewage sludge via torrefaction and met
the same problem—the highest value of HHV for biocoal generated at 260 ◦C, 60 min, and further
temperature increase decreased HHV. Therefore, it may be assumed that at a temperature > 260 and
time > 60 min, some organic components from elephant dung and sewage sludge start to decompose
and release volatiles with higher energy content.

There was no observed relationship between the moisture content and the process temperature
and time for the biocoals from elephant dung. This is likely because dry material was used for the
torrefaction process. Small differences in the moisture content of biocoals can result from the time
between their generation and the determination of the moisture content experiment. Stored biocoals
can adsorb moisture (e.g., from the air), making biomass-derived fuels less advantageous compared
with coal [50].

There was a sharp drop in the OM and the simultaneous increase in ash content for torrefaction
above 260 ◦C. This also caused a decrease of HHV and an increase in the HHVdaf, especially in the
biocoals produced at 260 ◦C and 300 ◦C. A practical implication is that the torrefaction process
conducted at temperatures from 200 ◦C to 260 ◦C (regardless of time) will have a small impact on the
decrease of HHV of biocoals.

Furthermore, it could be recommended that torrefaction at 200 ◦C for 20 min (lowest temperature
and shortest time) is needed for the maximization of the HHV and minimization of the cost of the
torrefaction process. In addition, a lack of significant differences (p < 0.05) in 200–260 ◦C allows us to
use torrefaction of elephant dung as a low-tech technology, i.e., one that can be controlled without an
accurate measurement system. It is especially important for rural areas. Also, during torrefaction of a
more substantial amount of the dung, it would be challenging to evenly heat and then cool down fast
all the processed material. However, based on the apparent lack of effect in this research, the risk of
generating substandard biocoals appears to be relatively low.

The highest HHVdaf value (27.2·MJ·kg−1) was observed for 280 ◦C, 60 min (Table A1). This value is
theoretical, and it is worth considering ways of reducing the ash content in the elephant dung, because
it may have a high energetic potential after processing. Considering ash-free elephant dung after
torrefaction, it is possible to obtain better solid fuel than commercially-available pellets. For example,
pellets made from pine sawdust, wheat straw, corn settlements, agricultural residues have HHV of 19.5,
17.5, 18.8, 18.1 MJ·kg−1, (HHVdaf 19,6, 19.0, 19.0, 19.8 MJ·kg−1) (Table A8) respectively [51]. These values
are still relatively low when compared to ash-free biocoal from elephant dung of 27.2 MJ·kg−1.

The ash in elephant dung is derived from two primary sources, (1) ash introduced during collecting,
transporting, storing, and processing, (2) biogenic ash inside plant tissue consumed by an elephant.
The sum of these sources is referred to as ash content. Biogenic ash could be removed from biomass
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using air separation. For woody pine forest residue, air separation costs ~2.23 $·Mg−1 of biomass
to reduce 40% of total biogenic ash to <7% of total biomass [52]. Ash could also be removed from
biomass cells via chemical pre-processing that solubilize it. Here, knowledge of the exact morphology
and chemical state of the ash is needed to determine the most effective removal methods [52]. From a
practical point of view, elephant dung should be collected with the least soil impurities as possible.
Next, during transportation, drying, etc. the dung should not be exposed to dust. If prevention is not
enough, air separation could be considered, due to its relatively low operational cost. Nevertheless,
dung morphology is important factor for air separation. Dung is much more brittle and lighter than
wood. Because of this, chipped particles of dung could be lighter than mineral impurities causing
the different share of ash in particular fractions than in the case of wood. Although some chemical
pre-processing technologies have a high level of ash removal (over 90% removal of alkaline earth
and alkali metals) [52], their technological infrastructure and cost would be difficult to adopt in
underserved areas.

Another important aspect is the issues related to the supply chain, which may influence the quality
of biocoal and efficiency of the process. The collection of elephant dung has a dispersed character with
a random accumulation ratio in one specific localization, especially when elephants live in natural
habitats. The dung usually is collected directly from the ground, which may increase the ash content.
However, when dung is exposed to climatic conditions (especially to wind and sun), the overall effect
might be beneficial to drying, which brings benefits related to transportation and torrefaction efficiency.
Pre-dried material is more suitable for collection, transportation (less water to be transported), and is
less prone to decay. In the case of breeding of elephants or using them as work animals (as practiced in
South-East Asia), the accumulation of dung in one specific area is more likely. Natural drying maybe
not be sufficient. Therefore, one solution could be pre-drying in the dedicated dryer, which could use a
warm air stream for water removal. Solar energy could be used as a heat source. Such solution could
solve several practical problems: i) the long-range transport of untreated and wet dung to processing
sites that is energy inefficient, while a significant portion of the transportation costs are being used
to transport water [5]; ii) the long-term storage of raw biomass can be problematic and impractical
because the piled biomass can decompose over time resulting in the decrease of useful HHV [7].

4.3. Thermogravimetric Analysis of Raw Material and Kinetic Parameters of Torrefaction

Reported TGA analyses of elephant dung are the first of their kind in the literature. A comparison
of kinetic parameters with the literature is then confounded because of the variety of determination
methods used for other materials. For this reason, we discuss the kinetics of a subset of the most
common and related substrates. We considered the elephant diet consisting mostly of grasses, and the
activation energy for some grass plants is available. The activation energy of wheat straw and sorghum
determined for the 250–450 ◦C range was 176 kJ·mol−1 and kJ·mol−1, respectively [53]. For comparison,
lignocellulose materials (eg., woody biomass) have an Ea of 103–165 kJ·mol−1 [54,55]. The values
presented in this paper were obtained for non-isothermal conditions and pyrolysis temperature range.

In this work, the Ea and the reaction rate constants were determined in isothermal conditions and
a temperature range of 200–300 ◦C. The same conditions and temperatures were used previously by
Pulka et al. [56], who tested sewage sludge (SS) with high ash content, and Syguła et al. [57] who tested
spent mushroom compost (MSC). The Ea for torrefaction process of elephant dung was 18 kJ·mol−1,
and k values were increasing with process temperature from 1.16 × 10−5·s−1 to 2.73 × 10−5·s−1 (from
200 to 300 ◦C), respectively. In the case of SS, the Ea was 12 kJ·mol−1, and the k value increased from
4.02 × 10−5·s−1 to 6.71 × 10−5·s−1 (from 200 to 300 ◦C), respectively [56]. In the case of MSC, the Ea

was 22.2 kJ·mol−1, and the k value increased from 1.7 × 10−5·s−1 to 4.6 × 10−5·s−1 (from 200 to 300 ◦C),
respectively [57]. Differences could be a result of biomass origin, and organic matter content. OM in SS
was 56% d.m. [56], 76% d.m. in MSC [57], and 50% d.m. in elephant dung—Table A1).

It should also be noted that the greatest Ea was determined for MSC, which had the highest OM
content, and much smaller during the torrefaction of elephant dung and SS, where OM contents were
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lower by ~20%. An opposite trend was observed in the case of the k value, which was the highest
during the torrefaction of SS, followed by MSC and elephant dung. This may indicate that the content
of OM is one of the critical drivers of the waste’s kinetic properties, such as the Ea and possibly k.

4.4. Differential Scanning Calorimetry of Raw Material

DSC analysis showed that two endothermic reactions (37–146 ◦C and 158–252 ◦C) and one
exothermic reaction (252–300 ◦C) occur during the torrefaction process (Figure 12). The first
transformation observed on DSC plot may be attributed to water evaporation. Interestingly, the
elephant dung was dried at 105 ◦C before the DSC test. Thus, the presence of water in a previously
dried sample could be due to the hygroscopicity (the sample absorbed some water from the atmosphere
before the test; i.e., biocoals are known to be affected by this phenomenon) [58]. The first transformation
ended above drying temperature (105 ◦C), so it is probably associated with bound water evaporation.
The nature of the second endothermic transformation is unknown. To our knowledge, there are no
DSC data of elephant dung to compare. This transformation may be related to residue hemicellulose
degradation. Degradation of hemicellulose takes place at a lower temperature range (225–325 ◦C) than
the degradation of cellulose (305–375 ◦C) [36]. After the second endothermic transformation ended, the
heat flow starts to decrease, which is related to an exothermic reaction (253–300 ◦C). This exothermic
reaction corresponds to mass loss observed on TG/DTG plot observed at the beginning of the process
(Figure 11). Interestingly, neither of the endothermic reactions were apparerent in the TG/DTG plot
(Figure 11). This might be a result of insufficient precision in the use of the laboratory balance, or due
to transformations that were not related to mass loss. In general, endothermal reactions are related
to depolymerization and volatilization process, whereas exothermic transformations are due to the
charring process [59] phenomenon, the DSC plot shows that the elephant dung torrefaction is an
(overall) endothermic process and it requires energy delivery. Some energy cost savings might be
realized by using the torrefied elephant dung as a fuel for the torrefaction process (Figure 1).

High ash content 50.81% (Table A1) is not without significance. It makes measurements of TGA
and DSC less accurate because smaller mass loses in organic compounds were measured. In the
case of DSC, the endothermic reactions of <200 ◦C that were found could also be associated with
water evaporation from components of ash such as chlorine and potassium [60]. The growth of the
mineral fraction lowers the activation energy of the pyrolysis reaction, and accelerates exothermic
thermochemical conversion reactions [61].

5. Conclusions

Initial valorization of elephant dung by torrefaction is proposed as a possible low-tech fuel
production in rural areas with abundant supply. Proposed valorization could be used in households
for cooking and heating. These studies have expanded knowledge on the possibilities of torrefaction of
elephant dung and provided practical knowledge about the fuel properties of torrefied elephant dung,
as high heating value, combustible parts, ash content, and organic matter content. Based on the results,
models of torrefaction of elephant dung with kinetics parameter evaluation have been proposed. The
following conclusions arise from this research:

• Torrefaction improves the higher heating value of elephant dung. The torrefied elephant dung
has an HHV = 13 MJ·kg−1 compared to the HHV = 11.41 MJ·kg−1 for unprocessed dung.

• Minimal process controls appear to be needed, and thus, scaling the torrefaction up to larger
batches of dung is feasible, but due to lack of data, these options need more tests on a technical
scale. Biocoals with similar quality are obtained for 200 ◦C to 260 ◦C range regardless of the
duration of the process (20 to 60 min).

• The recommended temperature of the torrefaction for elephant dung is 200 ◦C, due to the lack of
significant improvements in fuel properties with increasing process temperature.
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• The activation energy for torrefaction of elephant dung at 200~300 ◦C was 17.7 J·mol−1, and the
reaction rate constant increased from 1.16 × 10−5·s−1 to 2.73 × 10−5·s−1.

• The total energy needed to heat the dry elephant dung from 20 ◦C to 300 ◦C was approximately
485 kJ·kg−1 (obtained in laboratory conditions), and 484.81 kJ·kg−1 (obtained from calculations)
after the mass loss during the process is factored in. The total energy demand for drying and
torrefaction was the total amount of energy for processing (heating, moisture evaporation, and
torrefaction) was 1760.30 kJ·kg−1.

This research has shown that there is a potential in using elephant dung as a substrate for
torrefaction and its valorization as an improved fuel source. The next step should be to identify the
technological parameters for the torrefaction of elephant dung. This is important for investment
analysis and technology design, particularly in rural areas.
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Appendix A

Table A1. Summary of proximate analysis of the tested elephant dung and biocoals resulting from
its torrefaction.

Sample Moisture, %
Organic Matter

Content, %
Ash, %

HHV,
MJ·kg−1

HHVdaf,

MJ·kg−1

Elephant dung 49.19 ± 5.84 48.90 ± 5.79 50.81 ± 5.84 11.41 ± 1.34 23.18 ± 2.39

200 ◦C
20 min 3.33 ± 0.08 60.44 ± 0.46 39.37 ± 0.44 12.75 ± 0.58 21.75 ± 1.15
40 min 1.14 ± 0.02 47.50 ± 1.42 52.40 ± 1.42 10.14 ± 0.51 21.56 ± 0.87
60 min 2.35 ± 0.08 57.35 ± 1.69 42.51 ± 1.70 13.00 ± 0.31 23.16 ± 0.19

220 ◦C
20 min 2.11 ± 0.15 61.23 ± 1.04 38.65 ± 1.05 12.47 ± 1.31 20.77 ± 2.30
40 min 2.15 ± 0.05 60.22 ± 2.52 39.77 ± 2.50 12.34 ± 1.01 21.00 ± 2.48
60 min 1.90 ± 0.06 60.21 ± 0.27 39.76 ± 0.24 12.82 ± 0.72 21.70 ± 1.24

240 ◦C
20 min 2.11 ± 0.12 53.57 ± 2.09 46.50 ± 2.01 11.80 ± 1.56 22.48 ± 2.24
40 min 1.03 ± 0.04 49.91 ± 1.12 50.03 ± 1.08 10.74 ± 0.79 21.71 ± 1.27
60 min 0.96 ± 0.05 49.79 ± 1.11 50.11 ± 1.13 9.51 ± 0.50 19.24 ± 0.59

260 ◦C
20 min 3.20 ± 0.06 52.96 ± 3.14 47.52 ± 3.30 11.39 ± 0.33 21.79 ±1.93
40 min 0.88 ± 0.10 47.63 ± 2.92 52.24 ± 2.97 11.25 ± 0.50 23.77 ± 0.51
60 min 1.07 ± 0.04 44.82 ± 2.58 55.07 ± 2.62 10.34 ± 0.24 23.33 ± 1.93

280 ◦C
20 min 2.23 ± 0.15 52.21 ± 4.41 47.60 ± 4.45 11.80 ± 1.45 23.00 ± 1.25
40 min 2.85 ± 0.26 37.23 ± 3.26 62.59 ± 3.31 8.66 ± 1.22 23.87 ± 2.92
60 min 1.64 ± 0.26 28.26 ± 3.97 71.48 ± 3.99 7.54 ± 0.32 27.20 ± 3.57

300 ◦C
20 min 2.61 ± 0.25 49.47 ± 1.47 50.21 ± 1.53 11.64 ± 1.02 24.01 ± 1.99
40 min 1.99 ± 0.26 39.09 ± 3.47 60.89 ± 3.46 9.05 ± 0.32 23.69 ± 1.25
60 min 1.24 ± 0.14 28.66 ± 2.92 71.25 ± 2.92 6.49 ± 0.71 22.86 ± 0.79
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Table A2. Values of mass yield, energy yield, and energy densification ratio for biocoals.

Sample Mass Yield, % Energy Yield, % Energy Densification Ratio, %

200 ◦C
20 min 91.42 102.11 1.12
40 min 98.65 107.78 1.09
60 min 95.59 108.91 1.13

220 ◦C
20 min 95.43 104.25 1.09
40 min 93.16 100.74 1.08
60 min 90.43 101.62 1.12

240 ◦C
20 min 98.12 101.43 1.03
40 min 92.78 87.33 0.94
60 min 89.36 74.46 0.83

260 ◦C
20 min 97.07 95.66 0.99
40 min 88.63 87.34 0.99
60 min 90.01 81.55 0.90

280 ◦C
20 min 71.83 68.89 0.96
40 min 53.21 46.29 0.87
60 min 63.33 51.59 0.81

300 ◦C
20 min 63.28 58.28 0.92
40 min 66.58 56.50 0.85
60 min 73.18 62.58 0.86

 

Figure A1. Presentation of differences in individual groups (of torrefaction time) for organic matter
content in biocoals from elephant dung.
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Figure A2. Presentation of differences in individual groups (of torrefaction time) for ash content in
biocoals from elephant dung.

 
Figure A3. Presentation of differences in individual groups (of torrefaction time) for combustible parts
in biocoals from elephant dung.
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Figure A4. Presentation of differences in individual groups (of torrefaction time) for the high heating
value of biocoals from elephant dung.
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Table A7. Statistical evaluation of specific heat of elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient

Standard Error p Lower Limit of
Confidence

Upper Limit of
Confidence

a1 7.74 × 100 2.64 × 10−1 0.00 6.59 × 100 7.62 × 100

a2 −6.55 × 10−1 2.37 × 10−2 0.00 −6.55 × 10−1 −5.62 × 10−1

a3 2.37 × 10−2 8.21 × 10−4 0.00 2.09 × 10−2 2.41 × 10−2

a4 −3.97 × 10−4 1.45 × 10−5 0.00 −4.11 × 10−4 −3.54 × 10−4

a5 3.63 × 10−6 0.00 × 100 0.00 3.53 × 10−6 3.53 × 10−6

a6 −1.93 × 10−8 0.00 × 100 0.00 −1.90 × 10−8 −1.90 × 10−8

a7 6.04 × 10−11 0.00 × 100 0.00 5.97 × 10−11 5.97 × 10−11

a8 −1.03 × 10−13 0.00 × 100 0.00 −1.02 × 10−13 −1.02 × 10−13

a9 7.37 × 10−17 0.00 × 100 0.00 7.37 × 10−17 7.37 × 10−17

SH = a1 + a2·T + a3·T2 + a4·T3 + a5·T4 + a6·T5 + a7·T6 + a8·T7 + a9 T8, R2 = 0.98, R = 0.99.

Table A8. Evaluation of commercial pellet HHVdaf, based on [51].

Type of Pellet Ash, % HHV, MJ·kg−1 HHVdaf *, MJ·kg−1

Pine sawdust 0.66 19.52 19.65
Wheat straw 7.27 17.57 18.95

Corn settlements 1.27 18.80 19.04
Agricultural residues 8.27 18.13 19.76

* HHVdaf has been calculated based on Equation (4).

References

1. Brown, J.L.; Paris, S.; Prado-Oviedo, N.A.; Meehan, C.L.; Hogan, J.N.; Morfeld, K.A.; Carlstead, K.
Reproductive Health Assessment of Female Elephants in North American Zoos and Association of Husbandry
Practices with Reproductive Dysfunction in African Elephants (Loxodonta africana). PLoS ONE 2016, 11,
e0145673. [CrossRef] [PubMed]

2. Farah, N.; Amna, M.; Naila, Y.; Ishtiaq, R. Processing of Elephant Dung and its Utilization as a Raw Material
for Making Exotic Paper. Res. J. Chem. Sci. 2014, 4, 94–103.

3. Sannigrahi, A.K. Beneficial Utilization Of Elephant Dung Through Vermicomposting. Int. J. Recent Sci. Res.
2015, 6, 4814–4817.

4. Elephants for Africa. Available online: http://www.elephantsforafrica.org/elephant-facts/ (accessed on
18 August 2019).

5. Schröder, J.J.; Scholefield, D.; Cabral, F.; Hofman, G. The effects of nutrient losses from agriculture on ground
and surface water quality: The position of science in developing indicators for regulation. Environ. Sci. Policy
2004, 7, 15–23. [CrossRef]

6. Pérez-Godínez, E.A.; Lagunes-Zarate, J.; Corona-Hernández, J.; Barajas-Aceves, M. Growth and reproductive
potential of Eisenia foetida (Sav) on various zoo animal dungs after two methods of pre-composting followed
by vermicomposting. Waste Manag. 2017, 64, 67–78. [CrossRef]

7. Zhou, S.; Liang, H.; Han, L.; Huang, G.; Yang, Z. The influence of manure feedstock, slow pyrolysis, and
hydrothermal temperature on manure thermochemical and combustion properties. Waste Manag. 2019, 88,
85–95. [CrossRef]

8. Qambrani, N.A.; Rahman, M.M.; Won, S.; Shim, S.; Ra, C. Biochar properties and eco-friendly applications
for climate change mitigation, waste management, and wastewater treatment: A review. Renew. Sustain.
Energy Rev. 2017, 79, 255–273. [CrossRef]

9. Aira, M.; Monroy, F.; Domínguez, J.; Mato, S. How earthworm density affects microbial biomas and activity
in pig manure. Eur. J. Soil Biol. 2002, 38, 7–10. [CrossRef]

10. Sukasem, N.; Khanthi, K.; Prayoonkham, S. Biomethane Recovery from Fresh and Dry Water Hyacinth
Anaerobic Co-Digestion with Pig Dung, Elephant Dung and Bat Dung with Different Alkali Pretreatments.
Energy Procedia 2017, 138, 294–300. [CrossRef]

11. Klasson, K.T.; Nghiem, N. Energy Production from Zoo Animal Wastes; Oak Ridge National Laboratory: Oak
Ridge, TN, USA, 2003; Volume 3, pp. 1–8. [CrossRef]

49



Energies 2019, 12, 4344

12. Fangkum, A.; Reungsang, A. Simultaneous saccharification and fermentation of cellulose for bio-hydrogen
production by anaerobic mixed cultures in elephant dung. Int. J. Hydrogen Energy 2014, 39, 9028–9035.
[CrossRef]

13. Fangkum, A.; Reungsang, A. Biohydrogen production from mixed xylose/arabinose at thermophilic
temperature by anaerobic mixed cultures in elephant dung. Int. J. Hydrogen Energy 2011, 36, 13928–13938.
[CrossRef]

14. Moosophin, K.; Phachan, N.; Apiraksakorn, J. Screening of cellulolytic clostridia from animal dung and
compost for direct butanol production from cellulosic materials. Curr. Opin. Biotechnol. 2013, 24, 48–143.
[CrossRef]

15. Li, J.; Xiao, F.; Zhang, L.; Amirkhanian, S.N. Life cycle assessment and life cycle cost analysis of recycled
solid waste materials in highway pavement: A review. J. Clean. Prod. 2019, 233, 1182–1206. [CrossRef]

16. Jia, J.; Shu, L.; Zang, G.; Xu, L.; Abudula, A.; Ge, K. Energy analysis of a co-gasification of woody biomass
and animal manure, solid oxide fuel cells and micro gas turbine hybrid system. Energy 2018, 149, 750–761.
[CrossRef]

17. Das, K.; Hiloidhari, M.; Baruah, D.C.; Nonhebel, S. Impact of Time Expenditure on Household Preferences
for Cooking Fuels. Energy 2018, 151, 309–316. [CrossRef]

18. International Monetary Fund Report for Selected Countries and Subjects. Available online: https://data.
worldbank.org/indicator/SP.POP.TOTL?name_desc=false (accessed on 23 August 2019).

19. Ji, C.; Cheng, K.; Nayak, D.; Pan, G. Environmental and economic assessment of crop residue competitive
utilization for biochar, briquette fuel and combined heat and power generation. J. Clean. Prod. 2018, 192,
916–923. [CrossRef]

20. Kamara, J.; Galukande, M.; Maeda, F.; Luboga, S.; Renzaho, A. Understanding the Challenges of Improving
Sanitation and Hygiene Outcomes in a Community Based Intervention: A Cross-Sectional Study in Rural
Tanzania. Int. J. Environ. Res. Public Health 2017, 14, 602. [CrossRef]

21. Białowiec, A.; Micuda, M.; Szumny, A.; Łyczko, J.; Koziel, J.A. Waste to Carbon: Influence of Structural
Modification on VOC Emission Kinetics from Stored Carbonized Refuse-Derived Fuel. Sustainability 2019,
11, 935. [CrossRef]
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2 TAURON Polish Energy Inc., Ściegiennego 3 St., 40-114 Katowice, Poland; joanna.czubala@wp.pl
3 Faculty of Energy and Environmental Engineering, Silesian University of Technology,

44-100 Gliwice, Poland; michal.koziol@polsl.pl
* Correspondence: p.ziembicki@iis.uz.zgora.pl

Received: 18 April 2020; Accepted: 15 May 2020; Published: 21 May 2020

Abstract: One of the ways used to reduce the emission of carbon dioxide and other harmful
substances is the implementation of biomass co-firing processes with coals. Such processes have
been implemented for many years throughout many countries of the world, and have included
using existing high-power coal boilers. Despite numerous experiments, there are still no analyses
in the literature allowing for their generalization. The purpose of this paper is to determine the
generalized energy and ecological characteristics of dust steam boilers co-firing hard coal with
biomass. The energy characteristics determined in the paper are the dependence of the gross
energy efficiency of boilers on such decision parameters as their efficiency and the share of biomass
chemical energy in fuel. However, the ecological characteristics are the dependence of emission
streams: CO, NOx, SO2, and dust on the same decision parameters. From a mathematical point
of view, the characteristics are approximation functions between the efficiency values obtained
from the measurements and the emission streams of the analysed harmful substances and the
corresponding values of the decision parameters. Second-degree polynomials are assumed in
this paper as approximation functions. Therefore, determining the characteristics came down
to determining the constant coefficients occurring in these polynomials, the so-called structural
parameters. The fit of the determined characteristics was assessed based on the coefficients of random
variation and the test of estimated significance of structural parameters. Boiler characteristics can
be used when forecasting the impact of changes in operating conditions on the effects achieved in
existing, modernized, and designed boilers. The generalization of the characteristics was obtained
from the measurement results presented in 10 independent sources used to determine them.

Keywords: steam boilers; co-firing; biomass; characteristics; boiler efficiency; GHG emissions;
decision parameters; result parameters; structural parameters

1. Introduction

The specificity of the Polish energy system is one of the highest in the world’s share of sources
using coal (both hard and brown) in electricity production. In 2018, this share amounted to 78.2% [1].
For comparison, 12.8% of electricity came from renewable energy sources, wherein 3.9% came from
sources using biomass (biogas plants, biomass combustion plants, and biomass co-firing) [1]. At the
same time, the share of energy consumption from renewable sources in the entire energy balance in 2018
was 11.3% [2]. In 2017, solid biofuels accounted for 67.9% of energy obtained from renewable sources
in Poland, and liquid biofuels accounted for 10% [3]. Due to the geographical location (relatively low
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sun exposure and only locally occurring areas with more frequent strong winds) and the country’s
surface (flat with a lack of larger numbers of sizable rivers), until recently, hopes for the development
of renewable energy sources in Poland were mainly associated with sources using biomass. Currently,
due to the development of technologies in the field of solar energy, and in connection with projects
to build a number of wind installations in the Baltic Sea, the prospective importance of these sources
has grown.

Primary energy obtained in Poland from biomass sources corresponds to approximately
7.5 Mtoe [3]. This is a small amount in relation to the national biomass energy potential. This potential
results from developed agriculture, using approximately 188 thousand km2 of arable land (nearly
60% of the country), and forest areas of 95 thousand km2 (30% of the country area) [4]. The technical
potential of biomass in Poland is estimated at around 930 PJ/year [5]. This corresponds to almost
22.2 Mtoe per year. This potential mainly consists of waste wood from forests (200–240 PJ/year),
energy crops (130 PJ/year), undeveloped straw (over 110 PJ/year), post-use wood (over 40 PJ/year),
wastes from the wood industry (about 30 PJ/year), and biomass from agricultural sources (about
15 PJ/year) [5]. Thus, around 1/3 of the domestic biomass energy potential is currently used.

Biomass co-firing with coal in large power boilers developed dynamically in Poland over the years
2005 to 2012. In the peak period, the co-firing process was responsible for about half of the electricity
generated from renewable sources in Poland. Economic considerations, based on the introduced
legal regulations, spoke in favour of the process. After 2012, due to the suspension of government
support for this process, co-firing in large energy facilities began decreasing, and now only about 10%
of electricity from 2012 is generated in this process. However, currently due to difficulties in meeting
the national target of the share of renewable energy sources in gross final consumption in 2020, under
the objectives of the European Union (20 % EU, 15% Poland), and a new, higher target for 2030 (32%
for the entire EU, no national target yet), the Polish government plans to allocate 10 billion PLN (over
2.2 billion EUR) to re-support this process [6].

It should be noted that although such a strong dependence on coal in the electricity sector is a
Polish specificity, coal is still an important element of the power systems in a number of other countries,
including Germany, China, Russia, India, Turkey, and South Africa. In addition, coal mining has
increased in recent years, according to the International Energy Agency [7]. The organization forecasts
that until 2024 its production will remain at a level similar to the current one. In addition, in non-OECD
countries in 2017, electricity production from coal-fired installations accounted for 47% of the electricity
produced [8].

Co-firing is a simple, cheap, and fast way to increase the production of electricity from renewable
sources, as well as to reduce CO2 emissions from existing coal-fired installations. Appropriate
installations already exist, and as a result of many years of process implementation, relevant experience
in the process has been acquired in a number of countries. Experiments related to biomass co-firing
in power plants and combined heat and power plants have been extensively discussed, e.g., in
review works [9–12]. The advantages of the process include most often the reduction of greenhouse
gas emissions [9,10,13], and in the case of some installations and biomass, the reduction of NOx

emissions [9,10,14], as well as the economic efficiency of the process (most often resulting from
administrative and legal support activities) [9,15,16].

Dust furnaces are one of the most frequently used constructions of large boilers for the
implementation of co-firing of coals and biomass [9]. However, biomass co-firing in these units
also has a number of disadvantages. These disadvantages concern both the installation itself and the
entire biomass management. The latter include:

• Difficulties with the delivery of large amounts of biomass to individual co-firing installations
(the need to transport biomass over long distances, including even its import);

• Environmental costs of biomass transport over considerable distances;
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• Lack of raw material for other biomass recipients, because the financial possibilities and obtained
margin on sold energy from the co-firing process often allows operators of these installations to
purchase biomass at much higher prices than the competition;

• Competition between energy crops and food crops.

Regarding the process disadvantages occurring in the installation itself, these should
be mentioned:

• Reduction of boiler efficiency [17,18];
• Deposit formation, corrosion, and erosion of boiler components [10,12,19];
• Problems with milling and operation of coal mills, and in the fuel feeding system (increased fire

risk and explosion) [20,21].

There are various ways to evaluate the effects of the co-firing process. Among them we can
distinguish among others:

• Assessment of economic effects [15–17,22];
• Application of LCA (Life Cycle Assessment) methodology [23,24];
• Assessment of technical and ecological aspects [10,12,18,19,21,22,25,26].

Data for conducted analyses are the result of process modeling, e.g., [14,22,27] or are obtained
based on, e.g., measurements of emissions and installation efficiency during tests at industrial
facilities [19,21,25]. As mentioned, many countries around the world are already very experienced in
the implementation of co-firing coal and biomass in high power steam boilers. Despite this, however,
there is a lack of literature attempting to generalize and mathematically describe it.

The main purpose of the study is to determine the generalized energy and ecological
characteristics of co-firing coal with biomass in boilers with a capacity higher than 130 t/h of steam.
The energy characteristics determine the impact of boiler efficiency and the biomass chemical energy
stream (so-called decision parameters) on the gross energy efficiency of the boiler (so-called result
parameter). On the other hand, ecological characteristics make it possible to assess the impact of these
decision parameters on the corresponding resulting emissions of the following substances: carbon
oxides (CO), nitrogen oxides (NOx), sulphur dioxide (SO2), and dust.

Energy characteristics can be used to control the operation of steam boilers and are necessary
when determining the optimal operating conditions for boilers being designed and modernized. The
generalization of the characteristics made in this paper consist of using the authors’ own measurements
and information given in the literature to determine them.

2. Materials and Methods

2.1. Method for Determining the Characteristics

The characteristics are mathematical dependencies (functions) of the result parameters on the
decision parameters. In the analysed case, the considered functions can be written as:

y1

y2

y3

y4

y5

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

= f (x1, x2) (1)

where: decision parameters: x1—boiler efficiency, t/h, x2—chemical biomass energy stream, MW;
result parameters: y1—boiler energy efficiency, y2—emission of CO, kg/h, y3—emission of NOx, kg/h,
y4—emission of SO2, kg/h, y5—emission of dust, kg/h. The analysed problem is shown in Figure 1.
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Figure 1. Characteristics of the test object.

The figure illustrates functional relationships between parameters resulting from decisive
parameters. The characteristics are determined separately for individual analysed result parameters.
These functions are approximation dependencies between the result parameter values obtained from
the experiment and the combinations of decision parameter values characterizing them. Each of
the combinations of decision values and the corresponding values of the resulting parameters is
a measuring point.

It is recommended [28] to assume the form of object functions as second-degree polynomials. The
following arguments support the use of a second order polynomial as a characteristic equation [28]:

• Its use is a compromise which, on the one hand, takes non-linearity of real test objects into
account, and on the other hand, incorporates the tendency to reduce the number of measurements
(an increase in the degree of polynomial significantly increases the number of tests necessary to
carry out);

• It is characterized by high universality, as it allows adequate approximation of both simple linear
and non-linear relationships;

• A polynomial is a particularly convenient form of a mathematical model in a case when only
types of test factors and trends of their influence on the resulting factor are known.

In this case, it is proposed to take the following form of this function:

yj = b(j)
0 + b(j)

1 x1 + b(j)
2 x2 + b(j)

11 x2
1 + b(j)

22 x2
2 + b(j)

12 x1x2 (2)

where: b(j)
0 , b(j)

1 , b(j)
2 , b(j)

11 , b(j)
22 , b(j)

12 —constant polynomial coefficients for the j-th result parameter,
j—result parameter number (j = 1 ÷ 5).

According to the nomenclature used in statistical analyses in the remainder of the study, constant
coefficients will be called structural parameters. Determining the characteristics comes down to
determining the structural parameters in the individual characteristics. To determine the characteristics
(function of the object), it is necessary to have a number of measurements that meet the condition:

N ≥ Nb (3)

where: N—number of measurements, Nb—number of structural parameters.
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In the case under consideration, the number of measurements should be greater (or at least equal)
to six. At the same time, the greater the number of measurements above the number of structural
parameters, the greater the reliability of the determined coefficients. A larger number of measurements
make it possible to reduce the uncertainty of measurements on the results of the calculations. The values
of constant coefficients are determined by statistical methods. Most often, modified methods of least
squares of deviations are used for this purpose [29–31]. Examples of determining the characteristics
are given in [32,33].

2.2. Test Objects and Co-Firing Conditions

The research presented in the study concerns dust steam boilers with an efficiency of 130 to
230 t/h of superheated steam at a pressure of 10 or 13.6 MPa and a temperature of 450 or 540 °C,
respectively. The amount of biomass chemical energy in co-fired fuel ranged from 0 to 100 MW, which,
depending on the boiler efficiency, ranged from 0% to even 100% of the total chemical energy of
the fuel.

In determining the characteristics, the results of experiments carried out by the authors [32] or
described in the literature [19,27,34–40] were used. In order to determine the appropriate number of
measurements and obtain the most representative results possible, the combinations of decision
parameter values adopted for statistical analyses should be determined in accordance with the
principles of scientific experiment planning [28–30,41]. Scientific planning of an experiment is possible
when the determination of variants of systems of decision parameters (measuring points) precedes the
measurements themselves. They are then carried out “on dictation” in strictly defined points of the
research space (based on mathematical analyses). The authors attempted to adhere to these principles
when determining the characteristics in the papers [32,33]. An analogous procedure was not possible
when using the results of the experiments presented in the literature. In such cases, the values of
decision parameters are determined by the authors “a priori” without scientific justification. At the
same time, the use of information given in 10 independent sources to determine the characteristics
allowed for generalization of the obtained results.

3. Results

3.1. Obtained Characteristics

Using the results of the experiments, structural parameters were estimated for each of the analysed
object functions of the study. Table 1 shows the results obtained.

Table 1. Structural parameters of the characteristics.

No.
Coefficient

Designation

Coefficient Values for

Boiler
Energy

Efficiency, j = 1

Emission
of CO

kg/h, j = 2

Emission
of NOx

kg/h, j = 3

Emission
of SO2

kg/h, j = 4

Emission
of Dust

kg/h, j = 5

1 b0 0.8688 −311.8 1563 5320 −0.5138
2 b1 0.0006 4.598 −13.47 −49.74 0.1185
3 b2 −0.0006 −1.651 1.594 26.60 0.4437
4 b11 −1.085 × 10−6 −0.01261 0.03571 0.1300 −0.00011
5 b22 4.236 × 10−6 0.01471 −0.02809 −0.3471 −0.00317
6 b12 −8.760 × 10−8 0.001065 0.01429 0.08572 0.00082

3.2. Verification of Characteristics

The designated functions of the object were subjected to verification, which aimed to check
whether the estimated functions describe the tested relationships well. The verification consisted of
checking the following properties [42]:
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1. The degree of compliance of the constructed model with the measured data using [42,43]:

• Graphic comparison of the calculated values of the model with the measured data;
• Residual variance;
• Coefficient of random variation.

2. Quality assessment of structural parameters, requiring:

• Determination of standard errors in the estimation of structural parameters;
• Conducting the significance test of estimated structural parameters.

3.2.1. Verification of the Degree of Compliance of the Model with the Measurement Data

Graphic comparison of predicted values obtained from the characteristics with measured values
is presented in Figures 2–6.

From the information given in Figure 2, there is a relatively high agreement between measured
and predicted energy efficiency values. The value of an average standard deviation for individual
characteristics is given in Table 2.

Figure 2. Comparison of the predicted values of the boiler energy efficiency model with
measured values.

Table 2. Residual standard deviation.

Values Corresponding to the Designation of

Boiler
Energy

Efficiency, j = 1

Emission
of CO
j = 2

Emission
of NOx
j = 3

Emission
of SO2

j = 4

Emission
of Dust

j = 5

se2 0.0000 1155 9084 529,000 71.07
se 0.01 33.99 95.31 727.3 8.43

Figures 3 and 4 show that the differences between the measured and predicted values of CO
and NOx emission streams are relatively large. This applies in particular to measurements 14 and 15.
It should be presumed that the measuring points relate to objects with various operating conditions,
including the ratio of excess air for combustion and the design of the burners.

Figures 5 and 6 show large differences between the measured and predicted SO2 and dust
emission streams. This applies, for example, to measurements 1, 12–15, 18, 20 and 24. It should be
assumed that in these cases, decisive parameters should be supplemented with sulfur content and ash
in coal and biomass. The authors were not in possession of such data.
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Figure 3. Comparison of the predicted values of the CO emission model with measured values.

Figure 4. Comparison of the predicted values of the NOx emission model with measured values.

Figure 5. Comparison of the predicted values of the SO2 emission model with measured values.
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Figure 6. Comparison of the predicted values of the dust emission model with measured values.

Based on the graphical analysis of data obtained after estimating the structural parameters of the
function, it can be seen that, in the case of boiler energy efficiency, they are well matched; in the case of
ecological characteristics, the function matching is smaller.

Important information about the assessment of the compliance of the model with measured
values is provided by the standard deviation of s residues and the coefficients of random variation ν.
These values were determined in accordance with the recommendations given in the literature [42,43].
The obtained results are given in Tables 2 and 3.

The values given in Table 2 were used for calculations of data presented in Table 3.

Table 3. Arithmetic mean values and random coefficient of variation.

Values Corresponding to the Designation of

Boiler
Energy

Efficiency, j = 1

Emission
of CO
j = 2

Emission
of NOx
j = 3

Emission
of SO2

j = 4

Emission
of Dust

j = 5

y 0.92 69.17 447.9 1548 19.63
νe 0.01 0.49 0.21 0.47 0.43

The coefficient of random variation ν is a relative measure of the diversity of the resulting
parameters. It is the ratio of the standard deviation of the residuals and the arithmetic mean of the
resulting parameter. It is assumed that its value should be less than 0.2. This condition is met by
efficiency characteristics and possibly NOx emission characteristics

3.2.2. The Importance of Structural Parameters

According to information provided in the literature [28,29,31,42,44], structural parameter b is
significant when the quotient of its value and the value of the average error of estimation of this
parameter s(b) (so-called Student test) is greater than the critical value tc. The critical value tc depends
on the confidence level α and the number of degrees of freedom m = N − k − 1 (where: k—number
of decision parameters). Its value can be read from commonly available tables. For α = 0.05, m =

30 − 2 − 1 = 27, critical value tc = 2.052.
Table 4 gives the values of the average error in estimating structural parameters s(b)(j). In turn,

Table 5 gives the values of t(b)(j) for individual parameter.
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Table 4. Standard errors in estimating the structural parameters of the test object functions.

No.
Indication
of Estimate

Error

Values of Errors in Determining

Boiler
Energy

Efficiency, j = 1

Emission
of CO
j = 2

Emission
of NOx
j = 3

Emission
of SO2

j = 4

Emission
of Dust

j = 5

1 s(b0) 0.0250 161.5 453.0 3457 40.06
2 s(b1) 0.0003 1.880 5.270 40.22 0.4661
3 s(b2) 0.0002 1.005 2.965 22.62 0.2622
4 s(b11) 8.323 × 10−7 0.0054 0.0151 0.1150 0.0013
5 s(b22) 1.000 × 10−6 0.0065 0.0181 0.1382 0.0016
6 s(b12) 7.680 × 10−7 0.0050 0.0139 0.1061 0.0012

The values given in Table 4 were used for calculations of data presented in Table 5.

Table 5. Estimation of structural parameters relative to the error of estimation of the parameters.

No.
Indication
of Estimate

Error

Values of Errors in Determining

Boiler
Energy

Efficiency, j = 1

Emission
of CO
j = 2

Emission
of NOx
j = 3

Emission
of SO2

j = 4

Emission
of Dust

j = 5

1 |b0| / s(b0) 34.75 1.930 3.451 1.539 0.0128
2 |b1| / s(b1) 2.000 2.446 2.556 1.237 0.2541
3 |b2| / s(b2) 3.000 1.561 0.5376 1.176 1.692
4 |b11| / s(b11) 1.304 2.335 2.365 1.130 0.00846
5 |b22| / s(b22) 4.236 2.263 1.552 2.511 1.981
6 |b12| / s(b12) 0.1141 0.2130 1.028 0.8079 0.6833

Comparing the values given in Table 5 with the critical value tc = 2.052, it should be stated that
structural parameters play an important role: b(1)0 , b(1)1 , b(1)2 , b(1)22 , b(2)2 , b(2)11 , b(2)22 , b(2)12 , b(3)1 , b(3)2 , b(3)11 , b(4)22 .
For dust emissions, none of the structural parameters meets the materiality criteria.

3.3. Uncertainty of the Measured Quantity

In this analysis, most of measurement results used came from literature sources cited in Section 2.2.
Knowledge of the uncertainty (class) of measuring instruments and test methods used is required for
adequate assessment of the uncertainty of measurement results. The instrument class is not provided
in the used literature sources. Taking into account the efficiency of boilers, it should be assumed
that their energy efficiency was determined by an indirect method requiring the determination of
individual energy losses. This requires determining the uncertainty of complex quantities requiring
more measurements. No further information was provided. At the same time, it should be noted that
ignorance of the uncertainty of the measured quantities is not required to carry out the tests described
in Sections 3.2.1 and 3.2.2.

4. Discussion and Conclusions

Generalizations of determined characteristics should be considered a valuable and innovative
element of this study by using 10 variables and independent sources to determine them.
The experimental results, taken into account from various sources, concerned boilers in which hard
coal was burned with different elemental compositions. The same large variation occurred in the case
of biomass. The major differences concerned especially the composition of the mineral substance and
the sulphur content. It should be assumed that the design and operating conditions of the boilers
also differed.

The main achievement of the work is to determine the studied characteristics and determine the
ranges of their usefulness.
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The form of energy performance and ecological characteristics are set out in Table 2. The ranges
of usability of these characteristics are varied. Energy performance can be used in the analysis of
predictions in the field of technical and economic effects, especially useful when assessing the level of
operation and modernisation of the existing dust steam boilers and the designing of new dust steam
boilers with steam capacity from 130 to 230 t/h.

For the NOx emission stream characteristics, its usefulness should be assessed as less than that of
energy performance. This is mainly due to the greater than 0.2 value of the random variation coefficient
ν (see: Table 3). When assessing the usefulness of CO emission stream characteristics, it should be
stated that the indicator ν significantly exceeds the standard value of 0.2, but at the same time relatively
favourable values are obtained when assessing structural parameter errors (see: Table 5). Therefore, it
is proposed to use NOx and CO characteristics for indicative analyses of boiler operation and design.

In turn, the determined characteristics of dust and SO2 emissions do not meet the
statistical standards required for determining analogous relationships. This is evidenced by both
graphically illustrated discrepancies between the predicted and measured values of these emissions
(Figures 5 and 6), as well as the corresponding values of the random coefficient of variation ν,
significantly higher than 0.2. Additional confirmation of this fact lies in errors in the estimation
of structural parameters related to these emissions (see Table 5).

Explanations of the reasons for unsatisfactory effects of determining ecological characteristics are
given in the notes provided in Figures 4 and 6.

At the same time, the analyses showed that energy efficiency of boilers is adequately characterized
by their efficiency and chemical energy of the burned biomass.

However, it should be noted that the operating conditions occurring in the analyzed boilers can
significantly affect the values obtained on the basis of the NOx and CO emission flux characteristics.
The forms of these characteristics determined in the paper relate to average operating conditions
occurring in boilers of this type during measurements.
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Polsce—Edycja 2019; Technical Report; Forum Energii: Warszawa, Poland, 2019.

2. European Commission. Eurostat Database; Eurostat: Kirchberg, Luxembourg, 2020.
3. GUS. Statistics Poland. Energy from Renewable Sources in 2018; Technical Report; GUS: Warszawa, Poland, 2020.
4. GUS. Statistical Yearbook of the Republic of Poland 2019; Technical Report; GUS: Warszawa, Poland, 2018.
5. Bartoszewicz-Burczy, H. Biomass potential and its energy utilization in the Central European countries.

Energetyka 2012, 12, 860–866.
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Abstract: Landfilling of organic waste is still the predominant waste management method in Canada.
Data collection and analysis of the waste were done for the case study city of Montréal in Canada.
A life cycle assessment was carried out for the current and proposed waste management system using
the IWM-2 software. Using life cycle assessment results, a non-dominated sorting genetic algorithm
was used to optimize the waste flows. The optimization showed that the current recovery ratio of
organic waste of 23% in 2017 could be increased to 100% recovery of food waste. Also, recycling
could be doubled, and landfilling halved. The objective functions were minimizing the total energy
consumption and CO2eq emissions as well as the total cost in the waste management system. By using
a three-objective optimization algorithm, the optimized waste flow for Montréal results in 2% of waste
(14.7 kt) to anaerobic digestion (AD), 7% (66.3 kt) to compost, 32% (295 kt) to recycling, 1% (8.5 kt) to
incineration, and 58% (543 kt) to landfill.

Keywords: organic waste; energy recovery; life cycle assessment; cost analysis

1. Introduction

The increased population in urban areas leads to a significant raise in waste generation.
Conventional waste management methods like landfill are amongst the main contributors to greenhouse
gas (GHG) emissions in the world. Landfills occupy large areas of lands and potentially pose a risk to
human health and the surrounding environment. Therefore, it is crucial to find alternative methods
for better municipal solid waste management (MSWM) in urban areas. Annually, 2.01 billion tons of
waste are produced globally, and waste to energy technologies provide approximately 1.5% of the final
energy consumption in Europe [1].

Efforts have been made worldwide to reduce landfilling of the biodegradable fraction of waste,
but the reduction amount is not satisfying so far. An example is food wastes (FW), which are the
easily biodegradable organic waste (OW) [2]. It contributes almost half of the total municipal wastes
in most countries [3] and has great potential to be used for energy purposes. However, it is directly
landfilled in many cases. In 2014 and 2015, FW accounted for 38 [4] and 39 million tons [5] in the USA,
respectively, and three-quarters of these amounts were landfilled [4,5]. The EU Landfill Directive in
1999 prevented landfilling the OW and forced the members to reduce the quantity of biodegradable
municipal waste sent to landfills to 75% (2006), 50% (2009), and then 35% (2016) compared to 1995 [6].
Based on this directive, the proportion of municipal waste disposed of by landfilling should be reduced
to 10 % or less of the total amount of municipal waste generated by 2035 but most of the European
countries could not achieve this target [7]. In 2018, 247 million tons of municipal solid waste (MSW)
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were treated in the EU by landfilling (23%), recycling (30%), composting (17%) and incineration with
or without energy recovery (47%) [8].

Life cycle assessment (LCA) evaluates the potential environmental impacts of products. IWM-2 is
a life cycle inventory (LCI) model for integrated waste management that predicts the environmental
burdens of a specific waste management system [9].

Numerous studies have focused on the LCA of diverse waste management systems. [1] compared
recovery methods, which are beneficial compared to disposal options and concluded that thermal
treatment and anaerobic digestion (AD) might be favorable over composting. Composting usually
require large areas, is highly affected by weather condition and has odor problems. [10] criticized
large-scale centralized composting due to enhanced environmental impacts and therefore, considered it
a temporary solution. Decentralized waste management systems decrease transportation requirements
significantly. [11] found out that the presence of a composting plant at 10 km from the municipality
would decrease 65% of the environmental impacts due to the external transport.

Connecting agriculture and waste is beneficial in terms of the reduction of GHG emissions.
Still, there are some challenges regarding increased costs and acceptance for the use of digestate as a
fertilizer (e.g., legal restrictions on the use of digestate produced from sewage sludge) [12,13] reported
that N2O emissions of the application of liquid and solid portions of the digestate were the most
significant contributors to global warming among all the life cycle stages. In another study, [14] coupled
AD with composting to reduce the drawbacks associated with the direct soil distribution of anaerobic
digestates such as the emission of CO2 and obtained stable products to be safely used in soils without
affecting their N- and P-fertilizing capacity.

According to [15], one way to improve the utilization efficiency of biomass is the use of waste and
production residues, and a vast majority of waste to energy technologies have lower GHG emissions
when compared to fossil fuels.

The performance of waste management methods depends on the waste composition and climate
conditions. The agglomeration of Montréal (MTL) in the province of Québec (Canada) was chosen
as the case study. Due to the severe weather condition in this province, the energy consumption
of Québec’s residents is one of the highest in the whole world. Currently, about half of the energy
demand in Québec is supplied through renewable sources and the Québec government has ambitious
plans of increasing this amount to 60.9% in 2030 [16]. One of the key targets in this plan is increasing
bioenergy production by 50% by 2030. MTL as the biggest city in this province plays a vital role in
achieving those targets. Therefore, in this study the authors focused on the current waste flow in MTL
and presented different possible scenarios for MSWM in this city. The challenges to achieve optimized
waste flows are discussed. The focus of the present study is on municipal solid waste, which includes
residential, commercial, and institutional waste, and excludes industrial, construction, and hazardous
waste [17]. To the best of authors’ knowledge, there are no LCA studies of waste, and especially OW
management for the chosen case study city.

The paper is organized as followed: First, the waste composition in MTL, and the current waste
flow in the city is presented. Then, different MSWM scenarios are defined and their environmental
performance are compared using IWM-2 LCA methodology. In the next section, based on the
preliminary LCA results, a mathematical model is developed and the waste flow is optimized to
minimize the equivalent CO2 of GHG emissions, total energy consumption in waste management
system, and total cost of the system. In the final section, the challenges in the way to reach to this
optimized waste flow are discussed. The aim of this study was LCA of the current waste management
system and waste management systems with new technologies in Montréal.

2. Current Status of Waste Management in Montreal

The work uses the Canadian city Montréal as a case study. The agglomeration of Montréal (MTL)
includes 16 cities together with the City of Montréal, which in turn is divided into 19 boroughs. The City
of Montréal is the largest city in the Canadian province of Québec (24% of the population) [18] and the
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second-most populous municipality in Canada, with around 2 million inhabitants [19,20]. Currently,
most of the OW in Québec is landfilled or combusted, and it is planned to ban the disposal of OW and
reach 60% diversion from landfill [21]. Moreover, MTL has a Waste Management Master Plan firmly
anchored in the targets of the Québec Residual Materials Management Policy with its 2011–2015 Action
Plan of the Government of Québec. According to this plan, the recovery target for recyclables, OW,
and construction and demolition waste (CD) is 70%, 60%, and 70%, respectively [19]. It is also planned,
by 2030, to increase bioenergy production by 50% through various methods such as bio-methanation
of OW [16]. Mishandling of OW in MTL or Québec has been reported by several studies [18,22].
Therefore, the environmental assessment of the current and proposed waste management systems is
essential regarding their impact on energy consumption and emissions.

2.1. Data Collection and Analysis

Data collection and analysis for the waste flow of MTL was mainly done based on the reports
published by the Service de l’Environnement in MTL [19,23]. Their report characterizes waste
collections from three sources, including residential, institutional, and commercial ones. The generated
waste included OW (FW, yard waste and mixed residue), paper and cardboard (PC), metal, glass,
plastic (MGP), CD, harmful household products (, paint, pesticide, mercury devices, etc.), textile,
E-waste, and household waste. Collection and disposal of waste are handled by the municipalities
in MTL in different ways, and separation of materials is done in sorting centers. Curbside collection
service collects the household waste and recyclables, and partially OW. OW consisting of FW and yard
waste is collected in most of the buildings of eight or fewer dwellings in MTL, and then transformed
into compost. Seven eco-centers in MTL collect CD, wood, metal, tire, polystyrene and textile, harmful
household products, E-waste, yard waste (gardening and weeding residues, leaves, and Christmas
trees), and other reusable materials. CD is also collected on the street or as a result of resident calls.
Household waste and non-recyclable CDs are sent to the landfills.

2.2. Trend in Waste Generation

Figure 1 illustrates the generated waste in MTL (2012 to 2017). In MTL, total waste generation
decreased from 970 kt in 2012 to 931 kt in 2017. The average amount of OW, MGP and PC, CD,
and textile, E-waste & harmful household products was 361 kt, 286 kt, 234 kt, and 8 kt, respectively.
Various factors affected the decrease in waste quantities such as replacement of printed newspapers
by digital editions, eco-design of products which reduces the weight of containers, reduction of
over-packaging, and reduction of consumption.

Figure 1. Total waste generation in MTL [19,23]; OW: organic waste, PC: paper and cardboard, MGP:
metal, glass, plastic, CD: construction and demolition waste, and E-waste: electronic products.
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Many products that used to be made from recyclable materials changed to multi-layered flexible
packaging that are not accepted for recycling in MTL. For example, in MTL, plastic #6 (polystyrene),
different kinds of plastic bags and films are not considered as recyclable items. The number of public
policies on plastic carrier bags has more than tripled since 2010, and they are now found on all continents,
ranging from the municipal to the intergovernmental level [24]. Introducing the degradable plastics as
the environmental-friendly alternatives to the market can decrease the vast amounts of plastics that are
landfilled. For instance, Malmir used a solvent casting method to prepare biodegradable films of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) with cellulose nanocrystals, which has the capability for
applications in the industry of food packaging [25] and achieved well-dispersed bionanocomposites
with improved mechanical and barrier properties [26].

2.3. Waste Flow

The waste flow of MTL in 2017 is shown in Figure 2. Based on this figure, in MTL, 931 kt waste
was generated and the whole amount of this waste was the subject of the research. This amount was
comprised of 95% recyclables (OW, PC, MGP, CD, textile, E-waste, and harmful household product)
and 5% non-recyclables (non-recyclable CD and other materials), and the portion of diverted and
landfilled waste was 45% and 55%, respectively. Adding mixed paper from OW (139 kt) to PC and MGP
(272 kt), recyclables could account for 357 kt. OW in MTL accounted for 369 kt from which around
85 kt was recovered. The recovery ratio of OW increased from 11% in 2012 to 23% in 2017 but was still
far from the 60% recovery target in 2011–2015 Action Plan of the Government of Québec. The recovery
ratio of PC and MGP, and CD was 60%, and 68%, respectively. To compare, household waste collected
from urban and rural sectors of Saguenay in the Canadian province of Québec comprised of 53% to
66% OW, 4% PC, 15% MGP, and 5% textile [27].

 
Figure 2. Waste flow of MTL in 2017 [19,23].

The waste flow also shows the percentage of FW and yard waste for the OW of MTL. This percentage
was not available for 2017, and we assumed the same percentage in 2016 [19]. Accordingly, FW accounted
for 9% (81 kt), and yard waste was 14% (133 kt). The rest of the OW was 17% (155 kt) mixed residue.
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3. Methodology

3.1. LCA Methodology

IWM-2 was used as the LCA methodology to predict the environmental burdens of integrated
waste management systems [28,29]. The scope of the environmental analysis model was defined to
include the major components of residential waste, including paper, plastic, glass, aluminum and steel,
FW, and yard waste. Other types of wastes were considered as components which could be treated
through energy recovery and landfilling options [29]. Goals, functional unit, and system boundary,
life cycle inventory, and life cycle impact assessment in the following sections were based on IWM-2.

3.1.1. Goals, Functional Unit and System Boundary

LCA of the current waste management systems and waste management systems with new
technologies in MTL was considered. These technologies were based on composting of FW, and energy
recovery from mainly FW and yard waste. The total waste generated in MTL in 2017 was considered
as a functional unit in the mentioned systems. The model evaluated the environmental burdens
associated with waste management from the point at which a material is discarded into the waste
stream to the point at which it was either converted into a useful material or, it was finally disposed [28].
Accordingly, waste collection, waste transfer, sorting of recyclable materials at a materials recovery
facility, reprocessing of recovered materials into recycled materials, composting, energy recovery and
landfilling were evaluated by the model through recycling of paper, plastics, glass, steel, and aluminum,
composting and AD of paper, yard waste and food waste, and incineration and landfilling of all waste
components [29]. However, in this study, only AD and composting of FW and incineration of yard
waste was considered.

3.1.2. Life Cycle Inventory

The analysis of all the material and energy inputs and outputs for each stage in the life cycle could
be combined to give the overall life cycle inventory [9]. The overall estimation of energy consumption
and emissions of the waste management systems in this study was conducted with the help of the
IWM-2 model and its pre-defined standard data in Microsoft Excel for Office 365 MSO version 16 and
Microsoft Visual Basic for Applications version 2012.

3.1.3. Life Cycle Impact Assessment

The model estimated the energy consumed (or produced) and the emissions to air, water, and land
associated with different waste management practices [28]. The specific indicator parameters evaluated,
and the environmental effects associated with these parameters are shown in Table 1.

3.2. Waste Management Scenarios

LCA has been conducted for the current waste management systems in MTL (Sc1) and three
proposed scenarios (Sc2, Sc3, and Sc4) in which the energy consumption and emissions have been
determined. All the proposed scenarios considered the maximum amount of recycling rates. They also
fed all the yard waste to incineration technology because lignin does not undergo AD, and cellulose
and hemicellulose are degraded slowly in comparison [1]. In the case of FW, Sc2 specified all the FW
for the AD technology, Sc3 assumed all the FW for the composting technology, and Sc4 allocated half
of the FW for the AD technology and the other half for the composting technology. Figure 3 shows the
amount of input waste for waste management scenarios in MTL.
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Table 1. Indicator parameters [28,30].

Indicator Parameter Indicator of Unit

Energy
Total energy consumed Resource depletion GJ

Emissions to air
Greenhouse gases Climate change t
Carbon dioxide (CO2)
Methane (CH4)
Acid Gases Acidification, health risk t
Nitrogen oxides (NOx)
Sulphur dioxide (SO2)
Hydrogen chloride (HCl)
Smog precursors Urban smog formation, health risk t
Volatile organic compounds (VOC)
Nitrogen oxides (NOx)
Particulate matter (<10 microns) (PM-10)
Heavy metals Health risk kg
Lead (pb)
Cadmium (Cd)
Mercury (Hg)
Trace organics Health risk g
Dioxins & Furans (TEQ)
Emissions to water
Heavy metals Health risk, environmental degradation kg
Lead (pb)
Cadmium (Cd)
Mercury (Hg)
Trace organics Health risk, environmental degradation mg
Dioxins & Furans (TEQ)
Biochemical Oxygen Demand (BOD) Water quality, environmental degradation kg

Emissions to land
Residual solid waste Land use disruption t

Figure 3. Amount of input waste for waste management scenarios in MTL.
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3.3. Optimization

LCA results are useful measures to develop a mathematical model for the energy and environmental
performance of a waste management system. The IWM-2 software is a helpful tool for conducting LCA
for a waste management system as it includes all different parts of the system, including transportation,
sorting, and energy recovery. The results obtained from IWM-2 included the energy consumption
and the CO2 equivalent of GHG emissions from each waste management technology that were good
indicators of waste management system performance. Based on the results derived from the different
proposed scenarios, the ranges of the waste sent to each technology was defined. According to these
values, the amount of waste sent to each section was changed to obtain the equivalent CO2 of GHG
emissions (CO2eq) and energy consumption of each technology (E) for the specified waste amount.
By using these results, a curve fitting tool was applied to develop a second-order mathematical
relationship for both energy consumption and CO2eq of GHG as a function of waste input [30].
To achieve a better fit, the data for all technologies were normalized. The general form of the Equation
for each technology is as follows:

E = a [(x − μ)/σ]2 + b [(x − μ)/σ] + c, (1)

CO2eq = a [(x − μ)/σ]2 + b [(x − μ)/σ] + c. (2)

where, E is the energy consumption in each technology, CO2eq is the equivalent CO2 of GHG emissions
from each technology, x is the amount of waste sent to each section, μ and σ are the mean and variance
of the data obtained for each technology, respectively, and a and b and c are constants. The values of μ
and σ were derived from the curve fitting tool utilized for developing the Equations.

3.3.1. Objective Functions

The total energy consumption and CO2eq emission were calculated from the following
equations [30]:

Etotal = EAD + EC + ECbs + EL + ER, (3)

CO2total = CO2AD + CO2C + CO2Cbs + CO2L + CO2R. (4)

In Equation (3), EAD, EC, ECbs, EL, and ER are energy consumption at AD, composting, incineration,
landfilling, and recycling units, respectively. In the energy from waste facilities including AD and
incineration, the energy consumption was calculated from the electrical energy generated minus the
energy consumed. For the recycling unit, the saved energy by using recovered material was subtracted
from the energy consumed for recycling the material.

In Equation (4), CO2AD, CO2C, CO2Cbs, CO2L, and CO2R are GHG emissions of the anaerobic
digestion, composting, incineration, landfilling, and recycling units, respectively. These quantities
show the total emissions of each technology in their life cycle based on equivalent CO2.

These two quantities are functions of waste input in each technology. In this optimization
procedure, two of the objective functions were minimizing the total energy consumption and CO2

equivalent of GHG emissions.
Cost is a vital factor in designing an integrated waste management system. Table 2 contains

the estimated cost function for each waste management technology. The costs were categorized into
the initial capital costs and operating costs and the parameter x denotes the annual waste input of
each technology.
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Table 2. Costs in Canadian dollars per ton of annual waste input.

Technology Capital Cost (CAD/t) Operating Costs (CAD/t) Reference

Recycling 190 x 190 x [31]
Composting 4000 x0.7 7000 x−0.6 [32]

AD 35000 x0.6 17000 x−0.6 [32]
Incineration 5000 x0.8 700 x−0.3 [32]
Landfilling 6000 x0.6 100 x−0.3 [32]

In addition to the total energy consumption and CO2eq emission (Equation (3) and Equation (4)),
the total cost of the waste management system was also considered as an objective function to be
minimized [30]:

Costtotal = Cost2AD + Cost2C + Cost2Cbs + Cost2L + Cost2R. (5)

Consider X to be a vector containing the waste input of each technology (X= (xAD, xC, xI, xL, xR)),
and the arrays of this vector were decided by the optimization constraints, then X* was optimal in the
space S, if energy, CO2 and total cost are minimized:

Etotal(X*) & CO2eq.total(X*) & Costtotal(X*) ≤ Etotal(X) & CO2eq.total(X) & Costtotal(X) for all X ∈ S (6)

3.3.2. Constraints

Based on the results obtained from IWM-2, the best scenario was chosen. Therefore, the optimization
constraints could be determined according to the chosen scenario. The lower bounds for the waste
input of landfill and recycling units were the current amount of waste sent to these units in MTL.

3.3.3. Method

An optimization algorithm was used to find the best waste flow for the waste management system
in MTL. This optimization algorithm was a multi-objective one as the proposed system should be
both environmentally friendly and economically feasible. GA is a popular option for solving such
constrained multi-objective optimization problems. GA has been evolved into different forms that
each of them is different from the original GA. One of these evolved forms is a non-dominated sorting
genetic algorithm (NSGA) developed by Srinivas and Deb [33]. The difference between NSGA and
original GA is only in how the selection operator works while crossover and mutation operators remain
the same.

In this study, an improved form of NSGA, meaning NSGA-II [34] was used to minimize the
energy consumption, CO2eq of GHG emissions, and cost of the system. This improved algorithm was
less complicated in terms of calculations, and the solutions were more diverse compared to original
NSGA [35].

Figure 4 illustrates the procedure of optimization. The first step was an initialization, which
included defining objective functions, input variables, and constraints. The mass input of the five
technologies (AD, compost, incineration, landfill, and recycling) were taken as input variables. In the
next step, a set of values was assigned to the defined input variables as the initial population and a
fitness function was found for each set of answers in the next step. Then, using this initial population,
the values of the objective functions were calculated to identify the answers that minimize them.
Next, the non-dominated sorting was done to order the answers based on their fitness functions. In step
4, parent chromosomes were chosen among the ordered initial population. The crossover process was
used to generate children for the chosen parents. In the following step, the mutation operator was
utilized for the children. Unlike the crossover process where the children have the same characteristics
as the parents, after mutation, some of the children gain characteristics that belong to neither of parents.
Then, these mutated children are mixed with other children, and again non-dominated sorting will
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occur, and children are chosen for the next generation. Finally, the stop criterion of the algorithm was
checked. The steps 2 to 8 were repeated until this criterion is met.

 

Figure 4. Procedure of optimization.

4. Results and Discussion

4.1. LCA Results

Greenhouse gases (carbon dioxide (CO2), methane (CH4) and nitrogen oxides (NOx), and the
CO2eq in kt of CO2), acid gases (nitrogen oxides (NOx), sulfur oxides (SOx) and hydrochloric acid (HCl)),
smog emissions (NOx, particles (PM) and volatile organic compounds (VOC)), energy consumption
and remaining amounts in the current status of waste management and the proposed scenarios in MTL
are presented in Table 3. In MTL, Sc1 consumes the most energy (6869 TJ saving) and emits the least
CO2eq (69 kt). Sc3 and Sc4 are the better waste management scenarios in which 14027 TJ and 14043 TJ
energy is saved, and 127 kt and 144 kt CO2eq is emitted, respectively. Each waste management system
has its own residuals, for example ash in incineration, or residuals that could not being further recycled
in recycling etc. These residuals are usually sent to landfill.

Table 3. The emissions in the current status and proposed scenarios of waste management in MTL.

Case
GHG Emissions (kt) Acid Gases Emissions (kt) Smog Emissions (kt)

Residuals (kt) Energy (TJ)
CO2 CH4 +NOX CO2eq NOX SOX HCl NOX PM VOC

Sc1 −76 6 69 0.07 0.02 0.001 0.07 0.22 0.05 695 −6869
Sc2 9 4 142 0.19 0.04 0.02 0.19 0.13 0.05 427 −13,530
Sc3 9 3 127 0.17 0.04 0.02 0.17 0.15 0.04 417 −14,027
Sc4 11 3 144 0.20 0.04 0.02 0.20 0.14 0.06 423 −14,043

With Sc1 as the reference scenario of today’s waste management system, Sc2 uses anaerobic
digestion, Sc3 uses compost, and Sc4 uses anaerobic digestion and compost. The equivalent CO2 is
calculated using CO2eq = CO2 + 21 * CH4 + 310 * NOx.

In the AD module (Sc2), emissions originate from biogas combustion (GHG contributor), aerobic
composting (GHG contributor), and water (leachate) from the process. All the methane produced is
typically combusted, and the resultant CO2 emissions are not counted. Biogas combustion emits NOX

too, which contributes to equivalent CO2 emission. Therefore, emissions of CH4 +NOx and equivalent
CO2 are higher for the scenarios with a higher AD ratio. The model does not consider offsetting the
combustion of fossil fuels rather than biogas and, consequently, emission saving.

Process emissions of composting include only one direct emission, which originates from aerobic
composting. GHG emissions of composting are thus lower than AD;

Among the proposed alternative scenarios, Sc2 indicates that using the AD unit as the sole FW
treatment technology has the lowest efficiency in MTL. One of the reasons can be attributed to the
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FW quantity in MTL which does not seem high enough for the maximum simultaneous reduction of
energy consumption and CO2 production by AD. It is worth mentioning that IWM-2 estimates the
material-specific AD yields of CH4 and CO2 based upon the lab studies of AD of MSW in landfills [25].
Accordingly, various kinds of AD set-ups are neglected, and hence, further LCA studies are required
based on lower FW quantity feeding to AD units in order to find out the energy consumption and
CO2 emissions of each set-up. Studies showed that although there were 688 centralized AD plants
for biowaste treatment (average capacity 31,700 ton/year) in EU in 2016, small scale AD (5.2 ton/year)
can be technically viable with potential biogas production performance like large scale AD (3372
ton/year) [36].

4.2. Optimization Results

Based on the results obtained from IWM-2, the best scenario is when all the FW is divided between
AD and compost, all the yard waste is sent to an incinerator, and all the recyclable materials are
recovered. Therefore, the optimization constraints can be determined. As mentioned previously,
the lower bounds for the waste input of landfill and recycling units are the current amount of waste
sent to these units in MTL:

0 ≤ xAD ≤ 81, (7)

0 ≤ xC ≤ 81, (8)

xAD + xC = 81, (9)

0 ≤ xCbs ≤ 133, (10)

360 ≤ xL ≤ 683, (11)

163 ≤ xR ≤ 357. (12)

Table 4 shows the parameters of Equations (1) and (2) for each waste management technology,
obtained by using MATLAB curve fitting tools. To explain more, based on the result of the fourth LCA
scenario (Sc4), the waste input to each technology was changed and the amount of CO2eq of GHG
emissions and energy consumption of each technology was recorded. Then, two curves were fitted for
unit based on their waste input (one for CO2 and one for Energy). These values were used for doing
the optimization. The results of two-objective and three-objective optimizations are presented in the
following sections.

Table 4. Equation parameters for different waste management technologies.

Technology Input μ σ a b c

Recycling xR
Energy

2.6 ×105 6.2 ×104
−115 −1.2 ×106 −1.1 ×107

CO2 −10 −1.1 ×105 −9.4 ×105

Composting xC
Energy

1.3 ×104 1.4 ×104
23 1658 3.3 ×104

CO2 −0.03 160 8104

AD xAD
Energy

5.9 ×104 1.4 ×104
22 −5 ×104 −1.6 ×105

CO2 6 712 1.8e4

Incineration xCbs
Energy

6.6 ×104 4.3 ×104
−3.6 ×104 −3 ×105 −3.8 ×105

CO2 284 7989 1.2 ×104

Landfilling xL
Energy

5.2 ×105 1 ×105
−243 3025 3.1 ×104

CO2 −974 8597 9.6 ×104
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This three-objective optimization for the integrated waste management system of MTL considers
the cost as an objective function in addition to total energy consumption and CO2eq emissions of GHG.
Table 5 shows the best three optimum waste flows for MTL.

Table 5. The best three waste flows resulted from optimization.

Design Number
xAD

(t)
xC

(t)
xCbs

(t)
xL

(t)
xR

(t)
Ctotal

(kt of CO2)
Costtotal (CAD) Etotal (Tj)

1 14,710 66,393 8580 54,0166 29,4955 −879 12,3000607 −11,809

2 14,525 66,393 7880 55,6522 29,4861 −877 12,3203356 −11,802

3 14,684 66,393 8271 54,2802 29,7906 −884 12,3464210 −11,866

In the best optimum design (design number 1) which has the lowest total cost among these three
options based on the value derived for the total amount of waste, 58% of total waste should be sent
to the landfill unit (540 kt). Recycling unit has the highest share after landfill (32%) equal to 295 kt.
Taking FW into account, 14.7 kt should be sent to AD and 66.3 kt to composting unit, which accounts
for 2% and 7% of the total waste, respectively. The incineration unit has the lowest share in the system
(1% equal to 8.5 kt) of total waste (Figure 5).

μ σ

Figure 5. The optimized waste flow for MTL.

4.3. Discussion

It is clear from the results that the main benefit of having an integrated MSWM system is a
significant reduction of energy consumption and emissions. LCA provides a comprehensive, consistent
and transparent overview of flows in the waste management systems with quantification of the
environmental profile [37]. Based on the optimization results, the amount of recycled waste in MTL
should increase by 87 kt per year. Also, adding incineration and AD units to the waste management
system of the city would increase the share of energy produced from renewable sources. The results
are consistent with the study by [38] with increasing focus on recycling. Also, [39] assessed the
environmental and economic benefit of the substitution of energy crops with food waste in AD and
concluded that a reduction of 42% in the carbon footprint of the electricity produced from the biogas
plant can be obtained. Moreover, installing new units like AD and incineration creates more jobs
in the city which is a social benefit of this MSWM system. A study by [40] showed that new jobs
could be created in the various processing centers and between transportation nodes of the waste
management system. Employment opportunities by waste to energy include the collection and
sorting of waste, waste transportation, waste plant construction, and plant operation. On average,
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a Waste-to-Energy plant in Europe can create 62 direct jobs, and the total direct and indirect jobs in
2011 was 56,000 in Europe [41]. However, it should be noted that all these results have been driven
based on this assumption that all types of wastes are separated completely which is not possible in real
life. The following bullet points summarizes different challenges present in the way to achieve this
optimized waste flow:

(1) As mentioned above, the biggest challenge is complete separation and sorting of different types
of the waste. Creating sorting units for the whole amount of waste is an expensive solution.
Therefore, another solution is encouraging people to be more interested in source separation
of waste.

(2) Hydro Québec is the only supplier of electricity in the province of Québec. Unfortunately, there
is no specific policy about buying self-generated electricity from private suppliers. Therefore,
it affects the interest from external investors to help to construct expensive units like AD
and incineration.

(3) The other existing challenge is the public awareness. People should become aware of the hazards
of landfilling the municipal waste and realize what an important role they play in different waste
management scenarios.

(4) Another challenge is the location of new AD and incineration units and whether there should be
one central unit or several distributed units across the city. Although a study by [36] concluded
the advantages of a fully decentralized AD systems, the authors believe that more detailed LCA
studies are needed to find the solution for this problem.

(5) The severe weather condition in Montréal during its long winters is another challenge for utilizing
organic waste management facilities like AD and composting units. Further thermal energy
would be required to keep the system in an optimum temperature condition. Especially in case of
AD and composting, cold weather might slow down the degradation process. Putting the AD in
a greenhouse has been suggested and is recommended. Study by [42] showed that an AD could
49% less heat energy by being housed in a greenhouse.

5. Conclusions

The work presents an analysis of waste flow including OW, PC, MGP, CD, textile, E-waste,
harmful household product, and other materials in a case study city Montréal. It shows the huge
potential of energy recovery from FW and yard waste instead of landfilling them, as is the current OW
management method.

In MTL in 2017, 931 kt waste was generated, and the portion of diverted and landfilled waste was
45% and 55%, respectively. OW in MTL accounted for 369 kt from which around 85 kt was recovered.

Four scenarios were analyzed to assess the greenhouse gas emissions and costs of different waste
management strategies. With the current waste management system as the reference scenario 1,
the proposed scenarios Sc2, Sc3, and Sc4 feed all the yard waste to incineration. Moreover, all the food
waste goes to anaerobic digestion in Sc2 and to composting in Sc3. Sc4 considers 50% of FW for AD
and composting.

The LCA study showed that in MTL, Sc3 and Sc4 are the better waste management scenarios in
which 14,027 TJ and 14,043 TJ energy is saved, and 127 kt and 144 kt CO2eq are emitted, respectively.

Based on the results obtained from LCA studies, NSGA-II was used as an optimization algorithm to
optimize the waste flow in MTL. The objective functions were minimizing the total energy consumption
and CO2eq emission of GHG and the total cost in the waste management system. The optimized waste
flow for MTL by using a three-objective optimization algorithm is sending 2% of waste (14.7 kt) to
AD, 7% (66.3 kt) to compost, 32% (295 kt) to recycling, 1% (8.5 kt) to incineration, and 58% (543 kt)
to landfill.

Based on the optimization results, the benefits of this integrated MSWM system are significant
reduction of energy consumption and equivalent CO2 emissions. The other benefits are increasing
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the share of renewable energy production and creating more jobs through construction of AD and
incinerations units. However, this should be noted that in all these scenarios it has been assumed that
different waste types are completely separated. Therefore, proper separation and sorting of recyclable
material, food waste and yard waste is a big challenge. Another challenge is the lack of a specific policy
for buying self-generated electricity, which reduces the interest from external investors to invest into
the construction of AD and incineration units in the city. The other challenge is low public awareness
about the dangers of landfilling and their important role in having an efficient MSWM system. Finally,
the severe weather conditions during the long winters of MTL could affect the efficiency of AD and
composting and these units would need further thermal energy to operate properly.
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Abstract: The aim of this study was the performance evaluation of anaerobic digestion of dairy
wastewater in a multi-section horizontal flow reactor (HFAR) equipped with microwave and ultrasonic
generators to stimulate biochemical processes. The effects of increasing organic loading rate (OLR)
ranging from 1.0 g chemical oxygen demand (COD)/L·d to 4.0 g COD/L·d on treatment performance,
biogas production, and percentage of methane yield were determined. The highest organic compounds
removals (about 85% as COD and total organic carbon—TOC) were obtained at OLR of 1.0–2.0 g
COD/L·d. The highest biogas yield of 0.33 ± 0.03 L/g COD removed and methane content in biogas
of 68.1 ± 5.8% were recorded at OLR of 1.0 g COD/L·d, while at OLR of 2.0 g COD/L·d it was
0.31 ± 0.02 L/COD removed and 66.3 ± 5.7%, respectively. Increasing of the OLR led to a reduction
in biogas productivity as well as a decrease in methane content in biogas. The best technological
effects were recorded in series with an operating mode of ultrasonic generators of 2 min work/28 min
break. More intensive sonication reduced the efficiency of anaerobic digestion of dairy wastewater as
well as biogas production. A low nutrient removal efficiency was observed in all tested series of the
experiment, which ranged from 2.04 ± 0.38 to 4.59 ± 0.68% for phosphorus and from 9.67 ± 3.36 to
20.36 ± 0.32% for nitrogen. The effects obtained in the study (referring to the efficiency of wastewater
treatment, biogas production, as well as to the results of economic analysis) proved that the HFAR
can be competitive to existing industrial technologies for food wastewater treatment.

Keywords: dairy wastewater; biogas; anaerobic digestion; anaerobic horizontal flow reactor;
microwave radiation; ultrasound

1. Introduction

Bioenergy production from waste substrates supports the circular economy [1] and contributes
to improvement of economic and ecological indicators [2]. Anaerobic digestion (AD) is an effective
method for biogas production from wastewater with high concentration organic compounds, e.g., from
meat industry, the fruit and vegetable sector, the sugar industry, and dairy processing [3]. Currently,
many different constructions and solutions of anaerobic bioreactors are used in wastewater treatment
systems. The commonly used reactors types are UASB (Upflow Anaerobic Sludge Blanket) ones with
biomass in the form of granules and EGSB (Expanded Granular Sludge Bed) ones as a variant of UASB
reactor. Their disadvantages are the long start-up period (lasting from 3 to 5 months) and the necessity
to pre-treat wastewater with high fat and suspensions concentrations [4]. Frequently used reactors are
CSTRs (Continuous-flow Stirred Tank Reactors) with suspended biomass. The operational problems
of CSTRs result from the flotation of biomass in settling tanks and its washing out from the reaction
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chamber. The low concentration of biomass determines the reactors’ operation at relatively low OLRs [5].
Other reactors are anaerobic biological beds (ABBR—Anaerobic Biological Bed Reactors) characterized
by long start-up period due to the prolonged formation of anaerobic biological membrane and large
dimensions. However, a risk of clogging the filter spaces often takes place [6]. In turn, Anaerobic
Fluidized Biological Bed (AFBB) reactors are very energy-consuming as a result of intensive wastewater
recirculation [7]. In hybrid reactors, the advantages of individual anaerobic reactors are combined [8].
The problems and limitations of anaerobic reactors encourage a search for improvements to make
them more effective and economic [9]. According to the literature, AD can be effectively intensified by
physical factors, including microwave radiation (MR), ultrasound (US), constant magnetic field (CMF),
as well as electromagnetic field (EM) [10].

Considering previous studies, MR and US have been demonstrated as the promising technologies
enhancing AD [11]. MR can be used as an alternative heating method for anaerobic reactors [12].
Advantages of technologies based on MR include high heating effectiveness, fast heat transfer,
selective and uniform heating performance, short reaction time, easy operation, increasing the speed
of biochemical reactions, and low formation of hazardous products [13]. Moreover, MR produces
non-thermal effects, which means a number of phenomena that appear in heated bodies, and whose
presence or intensity cannot be explained only by heating alone. In AD, these phenomena are
the acceleration of enzymatic reactions, as well as the formation of specific anaerobic bacterial
communities [14]. Many literature data presents numerous technologies assisted by US [15]. Ultrasonic
irradiation has been successfully used in ammonia recovery from wastewater [16], in increasing
biodegradation of organic pollutants [17], in disinfecting water [18], in supporting the membrane
filtration process [19] and in preparing sewage sludge before fermentation or dewatering [20].
US generates monolithic cavitation by passage of ultrasonic waves through the liquid medium,
which results in various physical and chemical changes in liquid solutions [21]. Thus, US can be used
for degassing of anaerobic sludge and removing the gaseous products from the reaction chamber.
Using of the small and carefully selected doses of ultrasonic energy may allow to break down the
compact structure of anaerobic flocs and granules, which finally enhance the biogas discharge from
anaerobic reactors.

Ultrasound application in wastewater treatment technology aiming at the intensification of
biogas and methane production has been confirmed in preliminary research as well as by other
researchers [22,23]. However, recent studies have not specified clearly the parameters of sonication
process for achieving the highest efficiency of wastewater treatment and biogas production with
high methane content. Moreover, laboratory tests often do not provide reliable data to design and
operate installations on an industrial scale. Thus, there is a need to study a pilot-scale or semi-technical
scale installations.

The purpose of the study was to determine the efficiency of dairy wastewater treatment and the
biogas production in the multi-section horizontal flow anaerobic reactor (HFAR) equipped with MR
and US devices.

2. Materials and Methods

2.1. Research Station

The experiments were carried out in the multi-section horizontal flow anaerobic reactor (HFAR),
(Figure 1). The internal axis of reactor was a shaft rotating at 1 rpm, to which the stirring rods were
attached. The reaction chamber was divided with perforated partitions into the four sections.
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(a) 

 
(b) 

Figure 1. Horizontal flow anaerobic reactor (HFAR) (a) schematic diagram, (b) photo. 1—influent;
2—effluent; 3—sludge recirculation; 4—mixing blade; 5—thermal insulation; 6—membrane
module; 7—gas meter; 8—digestate; 9—gearmotor; 10—sampling port; GM—microwave generator;
GU—ultrasonic generator.

The HFAR design parameters were as follows: total length—4.0 m, total diameter—0.3 m, total
cross-sectional area—0.070 m2, working cross-sectional area—0.063 m2, height of filling—0.25 m,
total volume—0.28 m3, working volume—0.25 m3.

The reactor was heated using microwave generators (GM), (Plasmatronics) with magnetrons
(Figure 2a). There was a possibility of smooth regulation from 0 to 800 W. This type of magnetrons
is commonly used in microwave heating techniques due to their high performance, low price, and
small dimensions. Electricity was converted into microwave energy with a conversion efficiency of
52% at 2.45 GHz. The positive effects of microwaves on biological processes with using magnetrons
has also been confirmed in other studies [24]. A microprocessor integrated with temperature detectors
controlled the temperature inside each section of the HFAR. The temperature was maintained at 38 ◦C,
and when it dropped below, the microwave generators automatically started. Their work was finished
when the defined temperature inside the reactor was achieved.

The ultrasonic generators (GU) used in the study were installed at each section of the HFAR
(Figure 2b). Sections were equipped with a package of the four ultrasonic transducers with a frequency
of 20 kHz and a power of 95 W. Each GU was integrated with a control panel to control its work.
In the upper part of HFAR, in all sections, there were ports for substrate supplementation, sludge,
and biogas collection, as well as the temperature and pH measurement, which created the possibility
of wastewater dosing to the various sections of HFAR, anaerobic sludge recirculation, and biogas
analyzing. The biogas was collected in the sealed containers. The dairy wastewater was dosed by
pumps to the first section of reactor. The digestate was collected in the thickener with working volume
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of 3.0 m3. The sludge from the bottom of the thickener was recycled and then mixed with the raw
wastewater. Effluent was discharged outside the technological system.

 
(a) 

 
(b) 

Figure 2. Reactor equipment (a) microwave generator, (b) ultrasound generator.

2.2. Concept of Experimental Design

The study was divided into four stages differing in OLR applied: stage 1—OLR of 1.0 g COD/L d,
stage 2—2.0 g COD/L d, stage 3—3.0 g COD/L d, stage 4—4.0 g COD/L d. Each stage of the experiment
was additionally divided into the four series differing in the sonication time regimes. In series 1, AD
was carried out without the use of ultrasounds. In series 2, the operating mode of ultrasonic generators
was 10 min work/20 min break, while in series 3 and 4, it was respectively 5 min work/25 min break
and 2 min work/28 min break. A constant processing temperature of 38 ± 1 ◦C was maintained.
The hydraulic retention time (HRT) was 24 h. Each series of the experiment lasted 30 days, which
allowed for 30-fold exchange of the reactors content.

2.3. Materials

The wastewater used for AD originated from the retention tank of a dairy processing plant and
was diluted with tap water to achieve the required OLRs. The characteristics of wastewater used in
each stage of the experiment is shown in Table 1.

Anaerobic sludge from an anaerobic reactor treating the dairy wastewater and exploited on a
technical scale was used as inoculum in the study. The concentration of inoculum in HFAR was
44 g total solids (TS)/L. The characteristics of the anaerobic inoculum used in the study is presented
in Table 2.

84



Energies 2020, 13, 2392

Table 1. Characteristics of dairy wastewater used in the experiment.

Stage
Parameter

COD (mg/L) TOC (mg/L) TP (mg/L) TN (mg/L) pH

Raw Wastewater 5138.4 ± 53.8 1780.9 ± 17.3 190.1 ± 7.2 164.3 ± 6.7 9.06 ± 0.24
1 1029 ± 20.5 347.3 ± 15.7 46.2 ± 4.7 39.1 ± 4.5 7.13 ± 0.25
2 2014 ± 40.4 703.2 ± 18.2 79.3 ± 5.8 65.3 ± 5.7 7.19 ± 0.22
3 3092 ± 50.2 1027.1 ± 20.1 112.4 ± 6.7 107.5 ± 6.4 7.09 ± 0.24
4 4046 ± 60.4 1402.3 ± 22.5 149.7 ± 7.9 129.4 ± 7.8 7.13 ± 0.21

Table 2. Characteristics of the anaerobic inoculum used in the study.

Parameter Unit Mean

Hydration (%) 95.6 ± 1.3
Specific resistance to filtration (m/kg) 1.768 × 1015 ± 1.631 × 1014

Capillary suction time (s) 1072 ± 175
Total solids (g/L) 44.3 ± 4.9

Mineral solids (g/L) 19.0 ± 1.3
Volatile solids (g/L) 25.3 ± 3.6
Filtrate COD (mg/L) 624.9 ± 84.0

Orthophosphates in filtrate (mg P-PO4/L) 105.6 ± 24.0
TN in filtrate (mg TN/L) 163.8 ± 17.5
AN in filtrate (mg N-NH4/L) 144.2 ± 25.3

pH - 7.75 ± 0.16

2.4. Analytical Methods and Statistical Procedures

The influent and effluent were analyzed once a day for COD, total phosphorus (TP), total nitrogen
(TN) using the cuvette tests for spectrophotometer DR 2800 with mineralizer (HACH Lange, Düsseldorf,
Germany), VSS according to the gravimetric method (part E of EPA Standard Method 2540), TOC with
the use of TOC 1200 analyzer (Thermo Scientific, Waltham, USA). The analyzer determined the content
of TC in the sample by combustion and then in the same sample determined the IC content in infrared
analytical cycle. The organic carbon content in the sample was calculated by subtracting the TC value
and IC value. The pH was determined by using the pH-meter VWR 1000 L.

The biomass yield was determined as the ratio of the amount of biomass produced to the amount
of COD removed. The biomass production was determined as the change in biomass concentration in
the reactor and the biomass concentration in the effluent. In order to determine the concentration of
biomass in the whole reactor, samples were taken from each reactor section and then the measured
concentrations were averaged. The biomass yield was estimated as follows (1):

YPb =
VSS′ −VSS

C−Ce
(1)

where: VSS’—sum of the concentration of VSS in the reactor and VSS in the effluent in the next day
(g/L); VSS—sum of the concentration of VSS in the reactor and VSS in the effluent in the current
day (g/L); C—the concentration of COD in the influent (g/L); Ce—the concentration of COD in the
effluent (g/L).

Throughout the experiment, the amount of biogas was monitored by biogas meters installed at
each reactor’s section. The composition of biogas produced at each section of reactor was measured
every 24 h using a gastight syringe (20 mL injection volume) and a gas chromatograph (GC, 7890A
Agilent) equipped with a thermal conductivity detector (TCD). The GC was fitted with the two Hayesep
Q columns (80/100 mesh), two molecular sieve columns (60/80 mesh), and Porapak Q column (80/100)
operating at a temperature of 70 ◦C. The temperature of the injection and detector ports were 150 ◦C
and 250 ◦C, respectively. Helium and argon were used as the carrier gases at a flow of 15 mL/min.
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Additionally, biogas was analyzed by the GMF 430 Gas Data analyzer. The content of methane (CH4),
and carbon dioxide (CO2) were measured.

The results were processed statistically with the Statictica 13.1 PL package (StatSoft, Inc., Tulsa,
OK, USA). The hypothesis on the distribution of each analyzed variable was verified based on the
W Shapiro–Wilk’s test. One way analysis of variance (ANOVA) was conducted to determine the
significance of differences between the variables. The homogeneity of variance in groups was tested
with Levene’s test, whereas Tukey’s RIR test was used to determine the significance of differences
between the analyzed variables. In all tests, differences were considered significant at p = 0.05.

3. Results and Discussion

3.1. Organic Compounds and Nutrient Removal

The application of increasing OLRs to anaerobic reactor directly influences the reduction of its
performance. In the study, the highest COD and TOC removal efficiencies higher than 85% were
found at OLR of 2.0 g COD/L·d (Table 3). Comparable effects were obtained at OLR of 1.0 g COD/L·d.
Further increase in OLR caused a deterioration in wastewater treatment efficiency. The lowest removal
efficiencies of COD and TOC were recorded in stage 4 at OLR of 4.0 g COD/L·d (Table 3).

Table 3. The efficiency of organic compounds and nutrient removal from dairy wastewater.

Stage Series
Removal Efficiency (%) Load Removal (g/d)

COD TOC TN TP COD TOC TN TP

1

1 73.26 ± 1.63 69.51 ± 1.77 13.46 ± 3.20 2.84 ± 0.33 183.15± 18.25 60.35 ± 7.13 1.32 ± 0.11 0.33 ± 0.05
2 65.78 ± 1.71 64.38 ± 1.35 9.67 ± 3.36 2.04 ± 0.38 164.45± 14.54 55.90 ± 6.41 0.95 ± 0.12 0.24 ± 0.06
3 80.93 ± 1.26 78.66 ± 1.42 13.88 ± 4.07 2.93 ± 0.27 202.33± 21.22 68.30 ± 6.62 1.36 ± 0.23 0.34 ± 0.05
4 84.64 ± 1.73 84.94 ± 0.56 14.52 ± 2.86 3.06 ± 0.11 211.60± 20.05 73.75 ± 6.81 1.42 ± 0.24 0.35 ± 0.07

2

1 78.18 ± 1.09 80.22 ± 1.51 18.69 ± 0.61 3.72 ± 0.37 390.88± 25.11 141.03± 8.91 3.05 ± 0.61 0.74 ± 0.12
2 69.26 ± 1.52 76.00 ± 1.22 13.46 ± 0.61 2.68 ± 0.18 346.28± 23.24 133.60± 8.44 2.20 ± 0.53 0.53 ± 0.08
3 82.15 ± 0.92 83.18 ± 1.29 18.42 ± 0.07 3.67 ± 0.13 410.73± 25.13 146.23± 9.02 3.01 ± 0.60 0.73 ± 0.13
4 85.13 ± 1.05 85.62 ± 1.04 20.36 ± 0.62 4.05 ± 0.04 425.65± 24.21 150.53± 9.92 3.32 ± 0.63 0.80 ± 0.15

3

1 66.93 ± 0.80 68.69 ± 0.76 16.44 ± 0.40 3.86 ± 1.14 501.95± 21.81 176.38± 10.11 4.42 ± 0.70 1.08 ± 0.21
2 61.94 ± 0.85 61.33 ± 0.67 12.68 ± 0.01 2.98 ± 1.01 464.55± 16.44 157.48± 10.21 3.41 ± 0.62 0.84 ± 0.18
3 75.73 ± 0.84 77.33 ± 0.76 16.53 ± 0.14 3.88 ± 0.97 567.98± 19.23 198.58± 11.04 4.44 ± 0.71 1.09 ± 0.22
4 84.28 ± 0.74 84.70 ± 0.82 19.55 ± 0.66 4.59 ± 0.68 632.13± 24.31 217.50± 12.03 5.25 ± 0.82 1.29 ± 0.25

4

1 63.84 ± 0.55 66.31 ± 0.56 17.92 ± 0.22 3.57 ± 0.81 638.43± 26.42 232.48± 12.64 5.80 ± 0.80 1.33 ± 0.31
2 52.75 ± 0.42 56.98 ± 0.48 11.69 ± 0.28 2.33 ± 0.75 527.45± 25.24 199.75± 10.61 3.78 ± 0.63 0.87 ± 0.18
3 68.15 ± 0.53 72.70 ± 0.33 18.12 ± 0.01 3.61 ± 0.75 681.53± 23.64 254.88± 13.92 5.86 ± 0.81 1.35 ± 0.40
4 77.19 ± 0.43 78.17 ± 0.36 19.38 ± 0.15 3.86 ± 0.51 771.90± 23.53 274.05± 14.63 6.27 ± 0.73 1.44 ± 0.35

In the study, the most effective operating mode of GU was 2 min work/28 min break. Generally,
the application of GU enhanced COD and TOC removal in all experimental stages in series 3 and
4. However, the highest efficiencies of removal were noted at OLR ranging from 1 g COD/L·d
to 2 g COD/L·d (Table 3, Figure 3). The operating mode of the ultrasonic generators of 10 min
work/20 min break was too long to enhance biological processes. Thus, in series 2 of all stages of the
experiment, the efficiencies of organic compounds removal were lower than that in the control sample
(Table 3, Figure 3).

Regardless of the experimental series, low efficiencies of nitrogen and phosphorus removal were
obtained (Table 3). The highest efficiency of TN removal was found in series 4 of stage 2 and it was
20.36 ± 0.62% (52.0 ± 4.1 mg/L in the effluent), while the lowest of 9.67 ± 3.36% was obtained in series
2 of the stage 2 (56.5 ± 4.5 mg/L in the effluent) (Table 3, Figure 3). However, the highest efficiency
of TP removal of 4.59 ± 0.68% (107.2 ± 7.2 mg/L in the effluent) was recorded in series 4 of stage 3.
The lowest efficiency of TP removal was noted in series 2 of stage 2, and it was as low as 2.04 ± 0.38%
(77.2 ± 5.8 mg/L in the effluent) (Table 3, Figure 3). Other authors also confirm low nutrient removal in
anaerobic conditions, which is limited to the nutrient demand for biomass growth [25,26].
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Figure 3. Concentrations of analyzed parameters in the effluent (a) COD, (b) TOC, (c) TN and (d) TP.

The effectiveness of dairy wastewater treatment in anaerobic conditions was also analyzed by
other researchers [27]. After two years of experiments, they obtained a reduction of about 90% in
COD content, exploiting an anaerobic filter at OLR of 5–6 g COD/L·d. Moreover, the effect of the HRT
from 20 d at the beginning of the study to 3.33 d at the end was also analyzed. Shortening the HRT
did not decrease the efficiency of organic compounds’ removal, indicating a steady-state of reactor.
Other authors also found high efficiency of organic compounds removal, up to 98% from whey using
anaerobic filters [28]. At HRT of 142 days and OLR of 9.8 g COD/L·d, high treatment efficiency in
mesophilic conditions was obtained. While testing a wide range of OLRs from 7.9 to 45.42 g COD/L·d,
the removal efficiency of organic compounds from whey was as high as 98% [29].

Anaerobic reactors are often used for treating wastewater from dairy processing because of its high
content of easily degradable organic compounds [30]. However, the efficiency of anaerobic wastewater
treatment is a result of many factors, including reactor design, process temperature, and wastewater
composition. For example, the treatment of textile wastewater by using an UASB reactor allowed to
achieve COD removal efficiency of 9% to 51% [31]. The treatment of starch wastewater resulted in a
reduction of COD in the range of 77% to 93% [32]. Other studies examined the effects of OLRs (0.82 and
6.11 g COD/L·d) and HRT ranging from 4.1 d to 1.7 d on UASB reactor performance using wastewater
with a COD concentration of 10 g/L [33]. In mesophilic conditions, the COD removal efficiency varied
from 90% to 97%. The obtained results are similar to those with anaerobic trickling filters. At OLR of
4.45 g COD/L·d and HRT of 2.64 d, removal efficiency of COD was 81% [34]. The OLR during anaerobic
degradation of acid whey ranged from 1.6 to 12.8 g COD/L·d. The efficiency depended on the OLR.
The highest COD removal rate was observed at the lowest OLR applied (about 100%) and at maximum
OLR, COD removal efficiency was 68% [35].
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3.2. Biogas Yield and Its Composition

The lowest biogas production was observed in stage 1 at OLR of 1.0 g COD/L·d, ranging from
48.18 ± 4.5 L/d in series 2 to 70.25 ± 6.1 L/d in series 4 (Figure 4). The biogas yield in these series was
from 0.29 ± 0.02 L/g COD removed and 0.86 ± 0.11 L/g TOC removed to 0.33 ± 0.03 L/g COD removed
and 0.95 ± 0.12 L/g TOC removed (Table 4). Taking into account the amount of biogas produced per
gram of COD or TOC removed, this stage of experiment was the most advantageous. In this stage,
the highest methane content in biogas ranged from 63.4 ± 5.2% in series 1 to 68.1 ± 5.8% in series 4 was
achieved (Figure 4).
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Figure 4. (a) Daily biogas production and (b) biogas composition depending on experimental stages
and series.

Table 4. Biogas yield obtained in experimental series.

Stage Series

Biogas Yield

L/g COD
Added

L/g COD
Removed

L/g TOC
Added

L/g TOC
Removed

1

1 0.21 ± 0.01 0.29 ± 0.02 0.61 ± 0.07 0.88 ± 0.12
2 0.19 ± 0.01 0.29 ± 0.02 0.55 ± 0.08 0.86 ± 0.11
3 0.26 ± 0.01 0.32 ± 0.02 0.74 ± 0.06 0.94 ± 0.13
4 0.28 ± 0.02 0.33 ± 0.03 0.81 ± 0.09 0.95 ± 0.12

2

1 0.21 ± 0.01 0.27 ± 0.03 0.61 ± 0.04 0.76 ± 0.11
2 0.18 ± 0.01 0.25 ± 0.02 0.50 ± 0.05 0.66 ± 0.10
3 0.24 ± 0.01 0.29 ± 0.02 0.68 ± 0.07 0.82 ± 0.11
4 0.26 ± 0.02 0.31 ± 0.02 0.74 ± 0.11 0.87 ± 0.12

3

1 0.15 ± 0.01 0.22 ± 0.01 0.43 ± 0.06 0.63 ± 0.09
2 0.12 ± 0.01 0.20 ± 0.01 0.36 ± 0.04 0.58 ± 0.08
3 0.20 ± 0.01 0.27 ± 0.01 0.59 ± 0.05 0.76 ± 0.08
4 0.25 ± 0.02 0.30 ± 0.02 0.73 ± 0.07 0.86 ± 0.07

4

1 0.11 ± 0.01 0.18 ± 0.01 0.32 ± 0.04 0.49 ± 0.06
2 0.08 ± 0.01 0.15 ± 0.01 0.23 ± 0.03 0.40 ± 0.05
3 0.15 ± 0.01 0.22 ± 0.01 0.43 ± 0.04 0.59 ± 0.06
4 0.19 ± 0.01 0.24 ± 0.01 0.54 ± 0.04 0.68 ± 0.08

In stage 2, the lowest biogas production was obtained in series 2 and it was 87.61 ± 7.4 L/d
(0.25 ± 0.02 L/g COD removed, 0.66 ± 0.10 L/g TOC removed), and methane content in biogas reached
62.3 ± 5.5% (Figure 4, Table 4). In turn, the highest biogas production of 130.25 ± 12.5 L/d and the
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methane content of 66.3 ± 5.7% were noted in series 4 (Figure 4). The biogas yield was 0.31 ± 0.02 L/g
COD removed and 0.87 ± 0.12 L/g TOC removed (Table 4). In stage 3, the lowest biogas production of
91.52 ± 7.9 L/d (0.20 ± 0.01 L/g COD removed, 0.58 ± 0.08 L/g TOC removed) and methane content
of 49.7 ± 5.5% were obtained in series 2 (Figure 4, Table 4). In turn, the highest biogas production
(187.74 ± 18.4 L/d, 0.30 ± 0.02 L/g COD removed, 0.86 ± 0.07 L/g TOC removed) and methane content
(55.2 ± 5.8%) were noted in series 4 (Figure 4, Table 4). In stage 4, the lowest and the highest biogas
production was as 80.17 ± 9.5 L/d (0.15 ± 0.01 L/g COD removed, 0.40 ± 0.05 L/g TOC removed) and
187.57 ± 19.1 L/d (0.24 ± 0.01 L/g COD removed, 0.68 ± 0.08 L/g TOC removed), respectively, while the
methane content in biogas ranged from 30.2 ± 4.5% to 46.9 ± 4.8% (Figure 5, Table 4).
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Figure 5. The relationship between biogas and methane production and organic compounds’ removal
(a) as COD, (b) as TOC.

It has been proven that sudden changes in temperatures significantly affect methanogenesis [36].
In this study, microwave heating was used as a method to create a stable thermal condition for
anaerobic reactors [37]. While analyzing the effects of MR on biological processes, a positive impact on
methanogenesis process was indicated [38]. Banik et al. (2003) studied the exposition of Methanosarcina
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barkeri DS-804 to microwave radiation of frequencies ranging from 13.5 to 36.5 for 2 h. Then the
samples were incubated for 20 days. Radiated bacterial culture showed an increase in colony numbers
and cell size. The biogas composition varied depending on the frequency of the radiation used.
Maximum methane concentration in biogas was 76.5% at 31.5 GHz. In comparison to unirradiated
setup, it was only 52.3%. Growth curves for both irradiated and unirradiated cultures were typical for
the initial phase, the growth phase, as well as the stationary and decline phases. However, in irradiated
culture, the growth phase was much faster. The results indicate that microwave radiation may induce
specific metabolic activity of microorganisms to enhance their growth rate [38].

Parker et al. (1996) studied the effects of microwaves on the activity of a hydrated lipase enzyme.
The enzyme was suspended in a solvent that was also the reactant. Then, the solution was heated to
50 ◦C by microwaves (2.45 GHz) and, for comparisation, conventionally. It was found that the rate of
enzymatic reaction of irradiated enzyme increased up to 2–3 times in relation to conventional heating.
However, other enzymes, such as lymphocytic protein kinases or phosphatases were inhibited by
microwaves [39]. Other researchers found the increase of stability of immobilized enzymes in the
microwave field [40,41]. According to the literature, the exposure of biomass to microwave radiation
increased its solubilization and disrupted the network of exopolysaccharides, thus enhancing its
subsequent anaerobic digestion [42]. Microwave pretreatment of waste activated sludge at frequency
of 2.45 GHz increased the release of extracellular and intracellular biopolymers from the cells [43].
As a result, microwaved sludge produced more biogas in anaerobic digestion than conventionally
pretreated sludge.

In the study, it was found that the main factor affecting biogas yield and composition was OLR.
However, ultrasonication was also an important factor. There was a very strong relationship between
biogas and methane production and the removal of organic compounds from dairy wastewater
(Figure 5). Other authors [22] investigated the possibility of ultrasonic pretreatment for improving
biogas production from olive mill wastewater. They found that using a low-frequency US enhanced
both biogas production by about 20% and methane content in biogas. In other studies [23], US was
used to support methane production from raw molasses wastewater; 441.6 L CH4/kg VS was obtained.
The results demonstrated that US may be a suitable solution for treating this kind of wastewater.
Low-frequency US pre-treatment significantly improved (by 40%) biogas and methane production
from landfill leachate in anaerobic batch reactors [44]. In turn, other authors found that US enhanced
biogas and methane production from the same wastewater only by 7% and 4%, respectively [45].
According to the literature, the application of ultrasound pretreatment had a positive effect on biogas
yield from confectionery wastewater [46].

Ultrasounds have positive effects on biological processes and, on the other hand, they are often
used to disrupt and inhibit microorganisms (e.g., in sludge stabilization and hygienization) [47,48].
An important issue is therefore to point appropriate ultrasound performance parameters. In the
study, in series 2, the sonication process was in mode of 10 min work/20 min break, while in series
4, it was 2 min work/28 min break. The results revealed that 10 min of sonication was too long to
enhance biological processes. The negative effects were probably related to partial cell destruction.
Disintegration of the cells in various bacterial communities was also confirmed by other researchers [45].
The highest enhancement in biogas and methane production was reported in sonication time regime of
5 min work/25 min break and 2 min work/25 min break (Figure 5, Table 4). Ultrasounds improved the
removal of gaseous products outside the reaction medium, and did not have a destructive effect on
anaerobic microflora.

The results also confirmed the significant impact of the OLR value on the yields of biogas and
methane production. Increase in OLR decreased biogas production per gram of COD and TOC removed
and also influenced the reduction of methane content in biogas. This can be explained by volatile
fatty acids (VFAs) accumulation in the reaction medium at high OLRs [49]. High VFAs concentrations
caused a decrease in pH, resulting in inhibition of methanogens. Thus, the reduction in biogas and
methane production were observed [50].
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3.3. Biomass Growth

In the study, the highest biomass yield was recorded in stages 3 and 4, and it varied from
0.123 ± 0.01 g/g COD removed in series 2 of both stages to 0.1558 ± 0.01 g/g COD removed in series 1 of
stage 4 and 0.1476 ± 0.01 g/g COD removed series 1 of stage 3 (Figure 6). A smaller increase in biomass
growth yield was found at lower OLR values in stages 1 and 2. In stage 1, the biomass yield coefficient
ranged from 0.0984 ± 0.01 g/g COD removed in series 2 to 0.1230 ± 0.01 g/g COD removed in series 1
of stage 1 (Figure 6). In stage 2, these values were similar and ranged from 0.1066 ± 0.01 g/g COD
removed to 0.1312 ± 0.01 g/g COD removed in the same series (Figure 6). During the study, there were
no significant differences in the biomass growth yield coefficients observed in the individual stages
and series of experiment. Even in series 2, in which the biomass yields were the lowest, the differences
were not significant (Figure 6).

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

0.16

0.17

1 2 3 4

y 
(g

/g
 C

O
D

 re
m

ov
ed

)

Stage 1 Stage 2 Stage 3 Stage 4

Figure 6. Biomass growth yield coefficients (y) experimental stages.

Anaerobic digestion is characterized by low biomass production (less excess sludge), which is 3 to
20 times lower than in aerobic treatment systems. Under anaerobic conditions, the yield of biomass
per gram of COD removed is from 0.02 to 0.15 g/g, whereas in aerobic conditions, it was from 0.5 to
0.7 g/g [51].

3.4. Energy Balance

The energy balance of experimental series has been made to determine the amount of energy
consumed for biogas production and for organic compound (as COD) removal. It can also be used to
assess the whole technological and economic effectiveness of the presented technology. The reactor
presented in the study corresponds to TRL 5 (Technology Readiness Level), which means that the
technology was validated in a relevant environment. The basic equipment is integrated with the real
supporting elements and the technology has been tested under simulated operating conditions. Thus,
the estimated energy consumption can still be significantly optimized. The basic energy balance of
wastewater treatment in HFAR was presented in Table 5.
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The most favourable energy balance was noted in series 4, stage 3 (2 min sonification/28 min break.
ORL 3.0 g COD/L·d). In this variant of the experiment, daily energy demand was 1.676 kWh/d (Table 5).
The most energy-efficient variant without sonication was in series 1, stage 2, but energy consumption
was higher (1.942 kWh/day). The least energy-efficient variant (−2.708 kWh/day) was at ORL of 4.0 g
COD/L·d and the sonication regime of 10 min sonification/20 min break (Table 5). It was found that
a unit energy consumption per unit of COD removed decreased, while OLR was increasing. In all
stages of the experiment, the lowest unit energy expenditure requirement was observed in series 4 and
ranged from 2.357 kWh/kg COD removed (ORL of 4.0 g COD/L·d) to 10.336 kWh/kg COD removed
(ORL of 1.0 g COD/L·d).

In conclusion, the presented technology is competitive to other wastewater treatment solutions.
Ozay et al. (2018) recorded a unit energy consumption of 7.80 kWh/kg COD removed [52]. Energy
expenditure in the process of electrochemical wastewater treatment from the leather industry was
9.88 kWh/kg COD removed [53]. In studies on degradation of pyrrole in wastewater, the energy
demand was 7.7 kWh/kg COD removed [54]. Ribera-Pi et al. (2018) operated a single-stage anaerobic
membrane bioreactor (AnMBR) for dairy wastewater treatment and the unit energy consumption
(kWh) per unit of COD removed (kg) was 2.4 [55]. Masłoń (2017) determined energy consumption for
wastewater treatment plants ranging from 0.528 kWh/kg COD removed for plants with Imhoff tanks
to 2.297 kWh/kg COD removed in SBR-type plants [56]. Generally, electric energy consumption in
facilities below 2000 RLM was as 3.01 kWh/kg COD removed, while with size of RLM = 2000 ÷ 10.000,
it was lower by half (1.54 kWh/kg COD removed) [57].

4. Conclusions

It was found that OLRs had the greatest impact on the effects of anaerobic digestion of dairy
wastewater in terms of organic compound removal and biogas and methane yields. The highest
efficiency of COD and TOC removal of 85.13 ± 1.05% and 85.62 ± 1.04%, respectively, was found
at OLR of 2.0 g COD/L·d. The lowest organic compounds removals of 52.75 ± 0.42% as COD and
52.75 ± 0.42% as TOC were noted at OLR of 4.0 g COD/L·d.

The highest biogas yield of 0.33 ± 0.03 L/g COD removed and 0.95 ± 0.12 L/g TOC removed, and
the methane content in biogas of 68.1 ± 5.8% were noted at OLR of 1.0 g COD/L·d. Comparable biogas
production of 0.31 ± 0.02 L/g COD removed and 0.87 ± 0.12 L/g TOC removed (66.3 ± 5.7% of methane
in biogas) was achieved at OLR of 2.0 g COD/L·d. Increase in OLR reduced biogas productivity and
methane content in biogas. The lowest methane content was noted at OLR of 4.0 g COD/L·d and it
ranged from 30.2 ± 4.5% to 46.9 ± 4.8% depending on the experimental series.

The study showed a significant impact of ultrasonication on the effects of anaerobic digestion of
dairy wastewater. The highest technological effects were recorded with sonification mode of 2 min
work/28 min break. Increase in ultrasonic intensity significantly reduced the efficiency of organic
compounds’ removal from wastewater, as well as biogas yield.

Regardless of the experimental series, low nutrient removal efficiency was observed. The total
phosphorus removal ranged from 2.04 ± 0.38 to 4.59 ± 0.68%, while the total nitrogen removal
varied from 9.67 ± 3.36 to 20.36 ± 0.32%. The differences in biomass growth yield coefficients were
not significant during the study and ranged from 0.12 ± 0.01 g/g COD removed to 0.19 ± 0.01 g/g
COD removed.

The effects obtained in the study (referring to the efficiency of wastewater treatment,
biogas production, as well as to the results of economic analysis) proved that an innovative
multi-section horizontal flow reactor can be competitive to existing industrial technologies of food
wastewater treatment.
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Abstract: Biogas is expected to contribute 10% of the total renewable energy use in Europe in
2030. This expectation largely depends on the use of several biomass byproducts and wastes as
feedstocks. However, the current development of a biobased economy requires biomass sources
for multiple purposes. If alternative applications also use biogas feedstocks, it becomes doubtful
whether they will be available for biogas production. To explore this issue, this paper aims to provide
an overview of potential alternative uses of different biogas feedstocks being researched in literature.
We conducted a literature review using the machine learning technique “co-occurrence analysis of
terms”. This technique reads thousands of abstracts from literature and records when pairs of biogas
feedstock-application are co-mentioned. These pairs are assumed to represent the use of a feedstock
for an application. We reviewed 109 biogas feedstocks and 217 biomass applications, revealing
1053 connections between them in nearly 55,000 scientific articles. Our results provide two insights.
First, a large share of the biomass streams presently considered in the biogas estimates have many
alternative uses, which likely limit their contribution to future biogas production. Second, there are
streams not being considered in present estimates for biogas production although they have the
proper characteristics.

Keywords: biogas; biomass waste; competing uses; biomass applications; bio-based economy;
biomass value pyramid; co-occurrence analysis

1. Introduction

Interest in biogas has been growing in recent years, particularly due to its potential to contribute
to a renewable energy transition. Through anaerobic digestion, biomass is converted into biogas
containing methane. This biogas could be used as a substitute for natural gas in providing electricity,
heat and methane for chemical uses [1].

In policy documents on European future energy supply, biogas plays an important role.
The Directive 2018/2001 promotes biogas as one of the strategic means for the European Union
(EU) (EU’s data in this paper includes United Kingdom) to reach the target of 32% renewable energy use in
2030 [2]. In 2030, the expected availability of biogas is 1.7 EJ, which is equivalent to 3.7% of the energy
consumption of the EU. To create such a biogas contribution, one-third is derived from energy crops,
while the rest is mainly produced from manure and different types of organic waste [3,4]. In other
research, straws, sewage sludge, organic house waste, food waste, waste from landscape management
and byproducts from the food and beverage industries are also considered as potential major sources
for European biogas production in the coming period [5–7].
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However, because of several grounds, these expectations may lead to over-estimations of future
biogas production. First, the use of energy crops is under heavy discussion since it competes with food
and feed [8,9] and the production of these crops have large environmental impacts [10–12]. For these
reasons, energy crops are less likely to be widely used for biogas production. Biomass from byproducts
and waste comes from existing streams and is generally considered more sustainable for biogas
production [11,13,14]. Second, the estimates for future waste stream availability for biogas production
are based on the present situation. In the coming decades it is likely that energy and material use will
change drastically in society. One change is the movement towards a biobased economy. This implies
that biobased resources will be used differently in society. For example, there have been researches
on using sewage sludge as a soil amendment [15]; straws in the production of several biofuels [16]
and bioplastics [17]; and food waste in biopesticide production [18,19]. In such a biobased society,
tough competition could be expected between different applications of byproducts and waste streams.
The potential to produce biogas may be severely affected by this competition.

By analyzing the future competition around byproducts and waste streams, a better base for
expectations of the future biogas production could be developed. The “Biomass Value Pyramid”
(BVP) [20,21] (see Figure 1) offers a useful way to structure the analysis of the competition. The BVP
is used already often in the discourse on multiple uses of a source. The pyramid indicates which
applications can add the highest value to the biomass. The higher in the pyramid, the higher value
of the applications as well as the more knowledge and skills are required for using the biomass [21].
With more economic value rewarded, the higher applications are likely to outcompete applications
lower on the BVP such as energy which is at the bottom of the pyramid. Since biogas is primarily used
for energy, it is also at the bottom which means it will have difficulty obtaining biomass feedstocks that
have alternative uses.

 
Figure 1. Biomass value pyramid [22] and biomass application categorization used in this research.
The pyramid indicates which applications can add the highest value to the biomass. The higher in the pyramid,
the higher the value of the applications as well as the more knowledge and skills required for using the biomass.

As mentioned earlier, a shift towards a more biobased society will lead to other uses of biomass
than the present which likely affects the availability for biogas production. For realistic estimates
for the future availability of biomass for biogas production these new future uses of biomass should
be taken into account. Novel uses take time to be developed, so we assume that alternative uses of
feedstocks in the future can be found in the scientific literature. To better understand the feedstocks
competition for biogas production, an overview should be available identifying all biogas feedstocks
and connecting these to all potential biomass applications taking into account the BVP. This would
enable the identification of the feedstocks which are more likely to be available for biogas.

Currently, such an overview is lacking. This is a complicated task as it involves reviewing
thousands of papers divided into many different research niches. Effectively processing this amount of
information would be unfeasible without automated assistance.

98



Energies 2020, 13, 2747

In this paper, through a machine learning literature review method, we aim to provide an
overview of potential alternative uses of different biogas feedstocks being researched in nearly 55,000
scientific papers. In this way, we seek to develop better knowledge about the role of potential biomass
competition in the biobased economy, especially for the contribution of biogas production in the future
energy transition.

2. Materials and Methods

2.1. Machine Learning Approach: The Co-Occurrence Analysis of Terms

Machine learning is referred to as “the automated detection of meaningful patterns in data” [23].
This approach combines multiple techniques to extract information from large data sets [23]. In this
research, we use the technique “co-occurrence analysis of terms” described by Davis et al. [22].
This technique can be used to read abstracts of thousands of documents, scan these for terms specified
by the researcher, and then record co-occurrences of these terms [22]. This work only examines
co-occurring terms if they appear in separate pre-defined lists. By making one list of terms describing
feedstocks and another with terms describing biomass applications, this technique will identify pairs
of feedstocks and applications mentioned together in literature.

In [22], Davis and his colleagues also used this technique on a list of biomass terms and a list
of application terms to identify value pathways for organic wastes. The results provide almost
2500 connections between 450 organic wastes and 200 applications which is much broader than covered
by previous review studies. Although the authors also pointed out that the method did not “extract the
nature of relationship between the terms” [22], it does show the potential of this technique to uncover
combinations of feedstocks and biomass that research may not immediately think of.

To provide an overview of the alternative uses for different biogas feedstocks found in literature,
we adapted this technique for our research. We utilized the co-occurrence analysis algorithm provided
by Davis, although we improved the list of feedstocks to make it more focused on biogas feedstocks.
In addition, we also improved the list of applications with a better structured categorization as
Davis [22] suggested.

Following the guidelines of Davis [22], our research starts with three steps: (1) literature collection;
(2) identifying biogas feedstocks and biomass applications; (3) co-occurrence calculation. Steps 1 and 2 are
manual collections which will be described in details in Section 2.2. Step 3 is the use of the co-occurrence
calculation algorithm of Davis [22] in R [24]. Source codes of the first three steps are online and
accessible via the link mentioned in Supplementary Materials Appendix D. The main results of these
steps are as follows:

i. A co-occurrence matrix: We use one large grid matrix to demonstrate which biogas feedstock is
mentioned along with certain applications. Here we define a co-occurrence as one pair of a specific
feedstock and application which are co-mentioned at least once in the literature (e.g., maize
stover and bioethanol, pig manure and compost). If there is at least one co-occurrence in the
included literature, the connection between the biomass and the application is shown in the
matrix. The order of the rows and columns (feedstocks and applications) in the matrix is based
on the similarity of the terms in the literature collection. It presents similar types of feedstocks
suitable for an application near each other and similar types of applications requiring a feedstock
are also near each other. This ordering is done in two steps: first there is an automated ordering
based on hierarchical clustering of the row and column values in the original matrix output by
the algorithm [22]; second, we manually check and adjust the ordering.

ii. A list of literature: This indicates the exact literature where each co-occurrence happened.

Furthermore, we are aware that the result of the “co-occurrence analysis of terms” algorithm
by Davis [22] is simply the co-mentioning of each word pair and does not explicitly indicate the
relation between these terms. Therefore, we performed the fourth step (4) co-occurrence validation which
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strengthens the interpretation from the co-occurrences to the potential alternative uses of the biogas
feedstocks. This step is described in more detail in Section 2.3. See Figure 2 for the overview of the
research methodology.

 
Figure 2. Overview of the methodology.

2.2. Collecting Literature on Biomass Applications

The aim of this step is to collect a large number of articles which discuss the applications of
biomass. We ran the search query mentioned below on ScienceDirect. ScienceDirect is a large scientific
publication database whose topics vary from Physical Sciences and Engineering, Life Sciences, Health
Sciences to Social Sciences and Humanities [25]. This large and broad-scope collection, and the fact that
the database allows for automatically downloading thousands of abstracts [26] makes ScienceDirect
suitable for collecting literature for this research.

• Search query: queryString = “title-abs-key (technology OR process OR conversion OR treatment
OR use OR production OR application) AND title-abs-key (product OR waste OR by-product OR
byproduct OR feedstock OR additive OR catalyst) AND title-abs-key (organic OR bio OR biomass)”.

2.3. Identifying Biogas Feedstock and Biomass Application Terms

2.3.1. Identifying Biogas Feedstocks

The list of biogas feedstocks used in this research is mainly based on the guidance of the Food and
Agriculture Organization (FAO) Biogas Industrial User Manual [27,28] and the European Feedstock
Atlas [29,30]. The lists of biogas feedstocks suggested by these two reports are quite close to each other.
They also cover a large variety of byproducts and waste biomass which are potentially usable for
European biogas production and have been discussed in literature. In these reports, the feedstocks are
grouped into different categories reflecting the type of process producing them. For example, wheat
straw belongs to the category of Crop leftovers and coconut extraction meal belongs to the category of
Vegetable oil production.

Each biogas feedstock recommended by FAO and European Feedstock Atlas is a unique stream,
which differs from another by its own biogas yield, physical and chemical characteristics such as dry
matter and volatile solids content. This is understandable because these are technical documents.
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However, in our research, it is important to define the terms which are likely to appear in the literature.
We identified four confusing situations and decided to group certain feedstocks to address this:

• A generic stream and a specific stream: There are some streams which are general but seem to
overlap with other streams such as dairy industry waste which may conceptually include cheese
waste. However, in the context of their applications they are different streams. So, if the two main
lists mentioned both, we will keep both the generic and the specific terms.

• Streams with names which may be interchangeable in literature but have very different physical
properties according to the two main lists, such as beer barm and brewer’s grains. We decided to
keep them as two separate terms in our list.

• Streams with names which may interchangeable in literature and have similar physical properties
according to the two main lists (e.g: maize straw and maize stover) or just different in the water
content (e.g., cattle slurry and cattle manure). We decided to combine them into one term.

• Streams which are rarely found in the scientific literature on biomass applications such as “barley
feeding meal”. We excluded these from our lists.

To verify whether the terms are similar, or to understand more about the feedstocks, we have
to compare them in Google, different literature and several websites about feedstocks such as
Feedipedia [31] and Feedbase [32]. Additionally, we added biomass sources mentioned in [33] and [34]
which were not included in FAO Biogas Industrial User Manual and the European Feedstock Atlas.

Due to the criticisms mentioned in the introduction, energy crops are excluded in this research.

2.3.2. Identifying Biomass Applications

The Biomass Value Pyramid (BVP) categorizes the final uses of biomass into groups based on their
relative economic value. The detailed categorizations vary from literature but these six groups are
usually mentioned, from high to low value: Pharmaceuticals, Human Food, Animal Feed, Chemicals,
Materials and Energy [20,21,35]. This gives a useful direction on which literature we should look at
to inventory the specific applications. With the inspiration of the BVP, we categorized the specific
applications into five groups: Animal Feed, Chemicals, Chemical and Energy, Materials and Energy.
“Food” is omitted as we only considered byproducts and waste streams. “Pharmaceuticals and
high-end chemicals” is merged with “Chemicals”, because biomass requires chemical processing before
being used in these higher value applications. This is part of a broader issue as for many chemicals
as it is almost impossible to determine the end application of a chemical substance. Additionally,
we distinguished the group Chemical and Energy because some chemicals such as biomethane and
biohydrogen can be used for both energy or further chemical industrial processes (see Figure 1).
This means that the group “Energy” only includes applications which are not also used as chemicals.

To define the terms for each application, we have different strategies for each category:

• Animal feed: The feedstocks that can be fed to animals raw or after processing. Although the
processing consists of multiple steps with intermediate components, we only cared whether those
components led to animal feed or not. As a result, we grouped terms found in literature such as
forage, fodder, and animal feed supplements into a single term: animal feed.

• Chemicals: We used the original terms used in the approach from Davis et al. [22] supplemented
by terms from other literature.

• Materials: We used the existing material terms mentioned by Davis et al. and added biobased
materials mentioned in other bioeconomy literatures such as different types of bioplastics.

• Energy: Unlike chemical and materials which have multiple conversion processes, bioenergy has quite
few and straightforward conversion processes. In literature, energy applications can be described by
either end use products or the conversion processes, for example, torrefied biomass and torrefaction.
We did an inventory of different bioenergy processes to make sure that we did not miss any bioenergy
applications. Then the terms for energy applications were defined by their end products.
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• Chemicals and Energy: Like energy, the terms included in this group have few conversion
processes and can be described by either end use products or conversion processes. We defined
the terms for chemical and energy applications using the end products.

Multiple references used for identifying the list of biomass applications are mentioned in
Supplementary Materials Appendix B.

2.3.3. Variants of the Terms

As mentioned above, a specific feedstock or application can be described by several synonyms.
In processing the literature to identify the co-occurrences, we consider all of these synonyms and also
other term variants such as plural and singular forms, and differing adjectives. in the presentation of
the result, we use a single term for each biogas feedstock and each biomass application. As a part of the
technique from Davis et al. [22], there is an algorithm to help generate the variants of our considered
terms in the literature collection and to group the result into one single term. It should be noted that
while for other categories the term variants are only defined by the end products, the variants for Energy
and Energy and Chemical applications are decided by both the end products and conversion processes.

2.4. Co-Occurrence Validation

Our overview of potential alternative uses of biogas feedstocks depends on the assumption that a
co-occurrence represents the connection where a feedstock is used as input for an application. However,
a feedstock and an application can be mentioned together for other reasons, especially when the
application is referred to as an end product. For example, the co-mentioned end product is a substance
required to process the feedstock. Therefore, in this research, we manually checked a sample of the
co-occurrences to see to which extent the co-occurrences of our dataset reflect the assumed connection.
We performed this manual check for four types of co-occurrence:

i. The most frequent 20 co-occurrences which happened in the literature collection;
ii. Random 20 co-occurrences which happened once in the literature collection: from the list of

co-occurrences that happened once which was ordered alphabetically based on the feedstock
terms, we first randomly chose the first co-occurrence to check. Then we checked the co-occurrence
20 below the previous one. This procedure was followed to collect 20 co-occurrences. However,
if one of the collected co-occurrences was too similar to an earlier collected co-occurrence, we
replaced it with the co-occurrence below it from the list;

iii. Random 20 co-occurrences which are unexpected to the knowledge of the authors. For example,
we checked co-occurrences where feedstocks are considered as waste and the applications belong
to higher level of the BVP. The list of co-occurrences was ordered alphabetically based on the
feedstock terms;

iv. All co-occurrences of the feedstocks which have the lowest number of co-occurring applications.

The first two validations were done to check whether a co-occurrence found frequently in the
literature more reliably represents the use of a feedstock for an application than those found in only one.
The third validation was to see whether the unexpected co-occurrences includes the one that represent
our assumption. The fourth validation was performed because the interpretation of feedstocks with
very few co-occurring applications is likely more sensitive to mistaken co-occurrences than feedstocks
with many co-occurring applications.

To validate each co-occurrence, we used the list of literature (Supplementary Materials Appendix E),
a product of the co-occurrence calculation algorithm, to locate the exact literature(s) where the concerned
co-occurrences happened. Then we read the abstract(s) to understand the connection between the
feedstock and the application. The validation stops when we find one abstract from literature
confirming the assumed connection. If none of the located literature confirms the assumed connection,
we consider it a false positive.
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3. Results

3.1. Results of Literature Collection and Identifying Biogas Feedstocks and Biomass Applications

We collected the abstracts of 54,322 distinct articles about the applications of biomass from
ScienceDirect. The articles are scientific research from the years 1970 to 2018. We also identified
109 biogas feedstocks which are byproducts and wastes streams, and 217 biomass applications. These
are the inputs for generating the co-occurrence matrix described in 3.3. Table 1 shows the energy
application terms and their conversion process which are used to generate more variants of terms
to capture this application in the literature. Detailed lists of application and feedstocks, their term
variants and references are presented in Supplementary Materials Appendices A and B.

Table 1. Energy application terms and their conversion process summarized by this research.

Type of Bioenergy
Conversion Processes Common Feedstocks

Common Name 1 Other Names

Li
qu

id
fu

el
s

Biodiesel

Biodiesel transesterification oil crops feedstocks, animal
fats

Syndiesel gasification + Fischer Tropsch cellulose feedstocks

Renewable diesel hydrogenation oil crops feedstocks, animal
fats

HTU diesel hydro thermal upgrading
(HTU)

wet feedstocks (e.g., beet
pulp)

Bio gasoline gasification + Fischer Tropsch wood waste, algae

Bio jet fuel

Bio jet fuel alcohol-to-jet various feedstocks

oil-to-jet various feedstocks

sugar-to-jet various feedstocks

Synthetic jet fuel gas-to-jet cellulose feedstocks

Bioethanol 2
sugar fermentation sugar and starch feedstocks

hydrolysis + fermentation cellulose feedstocks, algae

gasification + fermentation various feedstocks, waste

Pyrolysis oil 2 pyrolysis wood, algae

hydrothermal Liquefaction algae

Direct vegetable oil 2 New oil 3 oil pressing/oil extraction oil crops feedstocks

Recycled oil - waste vegetable oil

Dimethyl ether 2
gasification + dehydration (of

methanol)
black liquor, cellulose

feedstocks

gasification + synthesis (with
CH4 from anaerobic digestion) various feedstocks, waste

Methanol 2
gasification + synthesis (from

CO, CO2, H2) various feedstocks

biosynthesis (from CH4)

Butanol 2 ABE fermentation cellulose feedstocks, sugar
and starch feedstocks, algae

Others 2

Bio-ethers 2 chemical synthesis -

Dimethylfuran 2 chemical synthesis -

103



Energies 2020, 13, 2747

Table 1. Cont.

Type of Bioenergy
Conversion Processes Common Feedstocks

Common Name 1 Other Names

G
as

eo
us

fu
el

s Biomethane 4 biogas anaerobic digestion various feedstocks

biomethane gasification + synthesis cellulose feedstocks

Biohydrogen 2 dark fermentation carbohydrates
photobiological hydrogen

production algae, waste water

Syngas 2 gasification cellulose feedstocks

So
lid

fu
el

s Use biomass as it is
combustion, firing cellulose feedstocks, manure

incineration various feedstocks

Briquette desification, pelletization,
briquetting cellulose feedstocks, manure

Torrefied biomass torrefaction cellulose feedstocks
1 defined as application terms in this research; 2 also has Chemical applications; 3 not from byproducts and
waste streams, therefore, not discussed in this research; 4 not included in the application list since gasification is
included in syngas as an end product and all the feedstocks in this research are verified to be possible to use for
biogas production.

3.2. Appeared Terms in the Co-Occurrences, Co-Occurrence Validation and Unexpected Connections

Two-third of the feedstocks and applications which were identified in step two showed up
in the co-occurrences: 71/109 biogas feedstocks and 150/217 applications. This means that the
150 applications and the 71 feedstocks have in some way been mentioned together in the literature
collection. The remaining feedstocks and applications might be mentioned individually in the literature
collection but not with another term on the lists to form a pair of feedstock-application co-occurrences.
Some feedstocks which did not appear in the co-occurrences have similar physical properties with the
ones which appeared. For example, wheat straw appeared in the co-occurrences but oat straw did not.
All categories of feedstocks and applications have their representatives in the co-occurrences.

The pairing between the feedstocks and applications which appeared resulted in 1053
co-occurrences. Half of the co-occurrences only happened once in literature. Of these, 102 co-occurrences
were manually checked according to the four criteria mentioned. Among the checked subset, in total,
65% of the co-occurrences represented the assumed connection that the feedstock is an input for the
co-occurring applications. This percentage varied between the four validated groups: 95% for the
most frequent co-occurrences; 40% for the co-occurrences happened once; 58% for the unexpected
co-occurrences; and 66% for the co-occurrences of the feedstock group with lowest number of
co-occurring applications. On one hand, the first two show that co-occurrences which happened
once are more likely to be mistaken than those that happened more frequent. On the other hand,
40% is also a substantial number that we would miss if we disregard those were found once. The last
two show that despite large amounts of false positives, these two groups include sizable numbers of
co-occurrences which indeed represent the assumed connections.

From the co-occurrences that did not match our assumed connection, some appeared frequent
in the literature collection and some belonged to the unexpected group. For the high frequent
co-occurrences, the false positive one that we observed often appear in the literature with a quite
consistent connection. Glycerol and acetic acid are often mentioned together because they are often
mixed together in common chemical processes [36,37]. In the group of unexpected co-occurrences
which mismatch with our assumed connection also, most are mixed wastes so what we see is that the
application terms actually indicate the other components of the waste stream. For example, organic
house waste co-occurred with different types of bioplastics [38–40].

However, the co-occurrences also reveal unexpected connections which truly represent our
assumed connection. For example, “rice straw”, a cellulose-rich material, can be used in fatty acids
extraction; one article describes an engineering experiment that successfully extracted fatty acids from
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a type of micro bacteria grown rice straw substrate for biofuel production in a similar manner to algae
oil/microbial oil [41]. Another example is that different types of manure can be turned into biodiesel,
pyrolysis oil, acetone, and methyl esters [42–45]

For more details on co-occurrence validation, see Supplementary Materials Appendix C.

3.3. Co-Occurrence Matrix

In the co-occurrence matrix (Figure 3 and Supplementary Materials Appendix D), each row
represents one biogas feedstock and each column represents one biomass application. The black cell
at the meeting point of one row and one column indicates that the feedstock and the application
co-occurred at least once in the literature collection. White cells mean that the feedstock and the
application does not co-occur in the literature collection. We can see several clusters in the matrix.

Figure 3. The co-occurrence matrix: overview of the co-occurrences between biogas feedstocks and
biomass applications in the literature collection in this research. Each row represents one biogas feedstock
and each column represents one biomass application. The black cell at the meeting point of one row and one
column indicates that the feedstock and the application co-occurred at least once in the literature collection.
A white cell means that the feedstock and the application does not co-occur in the literature collection.

The feedstock groups at the two ends of the horizontal axis co-occurred with many applications
across all application categories. The first group consists of homogenous streams with high contents of
a specific substance such as a lipid (glycerol, animal fats, fish meal), protein (distilled grains), fiber
(maize stover, wheat straw), sugar (sugar beet molasses), or nitrogen (different types of manure).
The second group consists of mixed streams like organic waste and food leftover. This could be
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expected since feedstocks with a high concentration of a desired substance makes it easier to extract,
and mixed streams might contain multiple desirable substances to extract.

With regards to the applications, animal feed and the group of fertilizer, soil improver and compost
co-occurred with one-fourth of biogas feedstock streams. Different types of bio-energy except bio-ethers
and bio jet fuel also co-occurred with many biogas feedstocks. Besides, certain types of materials and
chemicals have other noticeable applications which appeared in a lot of the co-occurrences.

3.4. Top Biogas Feedstocks Having Highest and Lowest Number of Co-Occurring Applications

From results of the co-occurrence calculation, the number of applications that a feedstock
co-occurred with ranges from 0–110. Almost half of the reviewed feedstocks have at least four
co-occurring applications. We considered feedstocks co-occurring with at least 20 applications as
having a high number of co-occurring applications; feedstocks co-occurring with three or fewer
applications are considered to have a low number of co-occurring applications.

The calculation shows that 17/109 suggested feedstocks have co-occurrences with at least
20 applications. (see Table 2). These feedstocks do not only have a high number of co-occurring
applications in total but also in each individual category. This means that these biogas feedstocks are
likely to have multiple-alternative uses with a higher BVP level.

Table 2. Biogas feedstocks with the highest number of co-occurring applications in the literature
collection in this research. Gray cells indicate that the corresponding feedstock belongs to the top
co-occurrences of each category.

Feedstocks
Number of Applications on Category of

Total

Animal Feed Chemicals
Chemicals and

Energy
Energy Materials

Glycerol 1 77 5 6 21 110
organic

housewaste 1 35 5 7 18 66

wheat straw 1 33 4 7 15 60
sugar beet melasse 1 31 3 5 10 50

maize stover 1 27 4 8 9 49
food leftovers 1 22 5 8 9 45

rice straw 1 22 5 7 9 44
distiller’s grains 1 25 3 5 3 37

cattle manure 0 13 4 4 8 29
wheat bran 1 25 2 0 1 29

malt coffee marc 1 8 4 4 10 27
pig manure 1 11 3 5 6 26
used paper 0 10 2 3 9 24

citrus bagasse 1 10 1 3 6 21
grape marc 1 8 2 3 6 20

poultry manure 1 7 2 5 5 20
animal fats 0 11 2 4 3 20

With regards to the group of feedstocks with the least number of co-occurring applications,
41 feedstocks were not co-mentioned with any applications in the literature and 16 feedstocks had
1–3 applications (see Table 3). Through the validation of this type of co-occurrences, we observed many
applications of these feedstocks still belong to the chemicals and chemicals-energy high value group
(e.g., biohydrogen, bioethanol, biodiesel).
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Table 3. Biogas feedstocks with the lowest number of co-occurring applications in the literature
collection in this research. The list is created after the validation step.

Feedstocks Co-Occurred
with 1–3 Applications

Feedstocks with no Application Co-Occurrences

natural grass roadside grass rabbit manure apricot fiber

brewer’s grains distiller’s residues beer barm succory waste

brewer’s yeast flax extraction meal hemp press cake asparagus waste

coconut extraction meal maize germ extraction
meal

safflower extraction
meal cauliflower residues

sunflower extraction meal palm-kernel extraction
meal sesame extraction meal eggplant residues

cotton seed extraction meal peanut extraction meal barley bran turnip residues

sunflower peelings oat straw oat bran spinach waste

rye straw pea straw rye bran fruit industry
wastewater

ryegrass straw meadow hay coffee industry
wastewater potatoes wastewater

cut flower wastes slaughterhouse
wastewater

dairy industry
wastewaters

pulp and paper
industry wastewater

brewery industry wastewaters oilseed processing
wastewater

slaughterhouse flotate
fat bakery residues

meat waste rumen content animal offals old bread

animal bloodmeal fish liver meal animal hairmeal

dairy industry wastes
(general) milk whey cheese waste

feeding beet leaves sugar beet scraps

olive pulp

4. Discussion

The goal of this research was to provide an overview of alternative uses of biomass streams
suitable for biogas production. This overview should provide insights in whether biomass streams
are likely to be available for future biogas production or if competition with other uses will emerge.
To do so we used a machine learning technique which made it possible to review nearly 55,000 papers.
The quality of this review deviates from a normal review where the scientists reads the paper.

4.1. Limitations and Recommendations

There are two main limitations of the methodology in this research. On one hand, the overview
includes co-occurrences which do not represent the assumed connection. Our validation identified
false positives for a subset of co-occurrences. Having false positives will result in the alternative uses
of feedstocks identified with the co-occurrence analysis to be higher than the actual number of uses.
Improving the precision of the term variants will likely decrease this percentage of false positive, but
it is unlikely to come close to 0 because co-occurrences with other strong connections will still show
up. To have an overview without any false positive would likely require additional support from
techniques which could predetermined the unwanted connections and filter them out from the result
of co-occurrence calculation.

On the other hand, there are alternative uses of feedstocks which have been researched in literature
that were not identified in our result. For example, oat straw had no co-occurrences despite the fact that
it can be composted [46]. Such false negatives mean that feedstocks would have more actual uses than
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identified by our method. The false negative can be caused by two reasons. One is that the literature
discussing these connections are not included in the database. Second is that the term variants are not
precise enough to capture this connection. So, the overview presented is not covering all relations.
This means that if one is interested in the use of one specific biomass stream extra literature search has
to be done with other search queries.

The third limitation is about the scope of this study. In this research we only consider the
current biogas feedstocks and study their potential use in the future. However, another aspect of the
bio-economy is that due to the new way of using materials, there will be new biomass streams that can
also be used for biogas production. There is research on the potential use for biogas of those waste
streams [47,48]. However, there are no overviews of these new potential streams. To have more insight
in the availability of biomass for biogas in the future, we recommend to have more research on these
future streams and their alternative uses.

4.2. Robustness of the Research

The abovementioned limitations have an impact on the exact number of alternative uses of
the biogas feedstocks in our overview. However, due to the sheer size of the analyzed literature,
the classification of the number of alternative uses between high, medium, and low should be robust.
Even if only 65% of the co-occurrences are the assumed connection, feedstocks with high numbers
of alternative uses will still have a much higher number of co-occurrences than the rest. Likewise,
feedstocks with low numbers of co-occurrences will not likely be missing enough alternative uses to
turn it into a higher classification. In other words, false positives and false negatives will have little
impact the classification, so the big picture of the overview is robust.

4.3. Implications for the Expectation of Future Biogas Production in Europe

Our results show that many biogas feedstocks might have multiple alternative uses, and many
of these uses have higher value than biogas according to the BVP. This group of feedstocks overlaps
with many main feedstocks underlying European biogas expectations. For instance, 8 of the 16 biogas
feedstock groups suggested by the EU New Renewable Energy Directive [2] belong to a group with
likely a high or medium number of alternative uses. Only for roadside grass and natural grass, we
found limited alternatives. If we assume that biomass streams with high and middle alternative
uses are not available for biogas production this will have enormous impacts of the biogas potentials.
The potential would drop 55%–80% in the two studies [3,5] showing the explicit contributions of
each feedstock to the total biogas estimate. In combination with the fact that in present estimates for
biogas potentials energy crops are included that are under heavy debate, our research indicates that
the existing EU estimate of 1.7 EJ from biogas in 2030 is rather optimistic. In addition, our research
suggests other feedstocks with likely low number of alternative uses which might be interesting for
biogas production in Table 4.

Table 4. Categorization of European biogas feedstocks expected by current literatures based on likely
number of alternative uses as an implication of this research.

Main Feedstocks for Future European Biogas
Expected by Current Literatures

Likely Number of Alternative Uses

Manure [2,3,5,7]

HighStraws [2,3,5,7]
Organic housewaste [2,3,7]

Varied industrial by-products [2,6,7]

Varied industrial by-products [2,6,7]
MediumSewage sludge [2,3,7]

Natural grass [5,7]
LowRoadside grass [3,7]
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4.4. Potential Use of the Overview in Research on Biogas Feedstock Competition in a Biobased Economy

Our research can help biogas research and expectations to be framed in the context of a broader
transition to the biobased economy. Current research on the topic of biomass competition typically
reviews 20–50 applications or aggregated groups of feedstocks [49–52]. By reviewing 109 biogas
feedstocks and 217 biomass applications, we identified 1053 individual connections between them in
literature which far outnumbers the typical review. In addition, we were able to differentiate groups
based on the likely number of alternative applications and whether these uses are higher up the BVP.
Thus, our overview can guide research and expectations of future biogas production in taking into
account alternative uses of biomass within the biobased economy.

Given the fact that research within specific niches might require a higher level of detail for a
few feedstock-application connections, our research can be seen as a filtering tool to identify relevant
literature. The machine learning approach was able to collect more than 50,000 articles which contain
information of biomass applications and to narrow them down to about 3000 articles that include likely
relevant co-occurrences. By reducing the number of articles by an order of magnitude, it turns an
unfeasible amount of manual reviewing into a potentially manageable task. When looking at specific
feedstocks or applications, the set of articles is reduced even further. Without this machine learning
technique, providing a similar overview would be extremely time-consuming or be significantly
less comprehensive.

5. Conclusions

In this paper, we provide an overview of biomass streams that can be used for biogas production
and their alternative uses. By using the machine learning technique “co-occurrence analysis of terms”,
the study was able to process a substantial amount of academic literature and identify more than a
thousand connections between biogas feedstocks and potential biomass applications.

The overview provides two insights. First, a large share of the biomass streams presently
considered in the biogas potential evaluations have many alternative uses in a future biobased economy.
In particular, composting-fertilizer-soil amendment and applications related to bioenergy are likely to
compete with biogas for biomass feedstocks. This indicates that their contribution to future biogas
production is likely to be lower. Second, there are streams not being considered in present policy
documents for biogas production although they have the proper characteristics. This shows the
advantage of using a value free machine learning process that is able to think out of the box.
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Abstract: This paper presents the experimental development at demonstration scale of an integrated
gasification system fed with wood chips. The unit is based on a fixed-bed, updraft and air-blown
gasifier—with a nominal capacity of 5 MWth—equipped with a wet scrubber for syngas clean-up
and an integrated chemical and physical wastewater management system. Gasification performance,
syngas composition and temperature profile are presented for the optimal operating conditions
and with reference to two kinds of biomass used as primary fuels, i.e., stone pine and eucalyptus
from local forests (combined heat and power generation from this kind of fuel represents a good
opportunity to exploit distributed generation systems that can be part of a new energy paradigm in
the framework of the circular economy). The gasification unit is characterised by a high efficiency
(about 79–80%) and an operation stability during each test. Particular attention has been paid to the
optimisation of an integrated double stage wastewater management system—which includes an oil
skimmer and an activated carbon adsorption filter—designed to minimise both liquid residues and
water make-up. The possibility to recycle part of the separated oil and used activated carbon to the
gasifier has been also evaluated.

Keywords: biomass gasification; demonstration-scale plant; syngas; circular economy; wastewater
management; activated carbon adsorption

1. Introduction

The increasing attention towards climate change and greenhouse gas emissions makes the
exploitation of renewable energy sources one of the key pathways for sustainable power generation.
It is expected to involve a significant reduction (some 8 Gt/yr by 2050, with a share of 32% among the
other low carbon approaches) of CO2 emissions in the power generation sector, according to the most
recent assessment by the International Energy Agency [1]. The same target has been formally assumed
by the European Union (EU) with the publication, in December 2018, of the revised “renewable energy
directive” (2018/2001/EU), which aims at keeping the EU a global leader in renewable energy and
to meet the commitments under the Paris Agreement [2,3]. However, the diffusion of intermittent
sources (i.e., wind and solar) makes grid regulation increasingly challenging since ever changing
electrical loads must be balanced with ever changing, non-programmable generation [4]. On the
contrary, bioenergy can be considered a key option to mitigate greenhouse gas emissions, replace
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fossil fuels, and—considering its programmable exploitation—ensure a more secure and sustainable
energy system [5]. Additionally, the use of waste biomass (e.g., agro-industrial, municipal and forestry
residues) [6] is even more interesting since it allows production of almost CO2-free energy as an
alternative to landfill or inefficient biological processes.

Biomass gasification is an appealing thermochemical conversion process that allows the production
of a synthesis gas (syngas) that can be used for power generation in internal combustion engines [7,8]
or for other applications, such as liquid fuels production [9].

Gasification technologies for small- and medium-scale combined heat and power (CHP) generation
from waste biomass have been significantly developed in the last decades [10]. Most of the attention
is focused on fixed-bed downdraft processes, typically available for a capacity between 200 and
700 kWth [11–13], but few studies also consider bubbling [14,15] or circulating fluidised-bed [16]
gasification processes, sometimes promoted with specific catalysts [17] or integrated with hydrothermal
carbonisation to treat high-moisture biomass [18]. With respect to these technologies, fixed-bed updraft
gasification allows a better conversion efficiency (thanks to the countercurrent heat exchanges) [4] and
it is typically characterised by simple construction, easy operation, fuel flexibility in terms of type
(biomass, coal, wastes, etc.), particle size (5 to 100 mm) and moisture content (up to 60%) [19], but also
involves a relatively high production of pyrolysis liquids (i.e., oils and tar) [4]. Such a technology is
feasible for applications in the order of a few thermal megawatts.

In fixed-bed updraft gasification reactors, the solid primary fuel is loaded from the top of the
reactor and supported by a metallic grate by which the gasification agents (air or oxygen and possibly
steam, depending on the specific process) are injected from the bottom, allowing a countercurrent.
As fuel flows downwards, it is heated by the hot raw gas that moves upwards, coming from the
gasification and combustion zones [20,21], whereas the gasification agents are preheated by cooling the
bottom ash [20]. The units developed for small- and medium-scale applications typically operate at
atmospheric pressure using air (instead of oxygen, used for the industrial-scale processes) and possibly
steam as gasification agents. A number of theoretical studies on these kinds of processes are currently
available in the scientific literature, mainly focused on the development of thermodynamic models
(in particular by minimising Gibbs free energy) [22,23] or on computational fluid dynamics (CFD)
process simulation [24,25], in some cases with the experimental model validation in pilot units [26,27].
Several studies are available on pilot-scale experimental development of the process for waste biomass
gasification for power generation and biochar [7,28]. To the best of the authors’ knowledge, just a
few studies are specifically focused on air-blown fixed-bed updraft technology demonstration at
commercial scale. Only Lei et al. [29] recently published an experimental research based on a batch
feeding updraft gasifier designed to treat 2 tons per day of rural solid waste in China.

A major issue in biomass gasification plants is the managing of tar, which is the complex mixture of
condensable hydrocarbons generated during gasification of such volatile-rich matter as biomasses [30].
Tar is constituted by single-ring to 5-ring aromatic compounds plus other oxygen-containing
hydrocarbons and complex polyaromatic hydrocarbons (PAHs), phenolic compounds (cresols, xylenols,
etc.), and monocyclic aromatic hydrocarbons such as benzene, toluene and xylene [31,32]. Tar formation
is still considered to be the main technological barrier of this kind of technology [22], since it
causes several environmental and industrial problems: heavy tars may condense on cooler surfaces
downstream leading to blockage of filters and fuel lines [31], it can block valves and clog fuel injectors
of engines [33] and, if released in the environment, it can have harmful effects, since its compounds are
toxic and potentially carcinogens [34,35]. Tar issues are particularly relevant for updraft gasifiers—with
a loading in raw syngas of about 50 g/Nm3 [36]—since the countercurrent heat exchanges involve
relatively low temperatures in the upper part of the fuel bed, promoting tar formation and limiting
its decomposition into lighter compounds. Therefore, its management is of great relevance to make
gasification a feasible option for power generation from biomass. Tar management can be basically
achieved through two strategies: reduction of tar formation inside the gasifier, with the so-called
primary methods, or separation after the gasification process, with secondary methods [31]. Primary
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methods include optimal design of the gasifier, the optimisation of process parameters, and possibly
(depending on the specific technology) the use of suitable additives or catalysts. Secondary methods
comprise thermal or catalytic cracking, or mechanical methods such as the use of cyclones and
electrostatic filters [37], as well as the use of wet scrubbers. The latter, in particular, is an effective and
reliable process for tar removal from syngas. However, the process may generate a high amount of
wastewater. The toxicity of many compounds of tar makes the wastewater treatment with biological
processes quite difficult. Therefore, chemical and physical treatment must be used, such as advanced
oxidation processes, or precipitation with Fe or Al salts [23]. Adsorption on activated carbon is also an
effective technology to remove tar from wastewater, although regeneration or disposal of the exhaust
sorbent is a drawback of the process [38].

This paper aims to establish the baseline performance of a 5 MWth (1.3 m internal diameter)
demonstration-scale updraft gasifier, operating since 2014 at the Sotacarbo Research Centre in Sardinia,
Italy [39], and tested for some 1500 h with different kinds of coal and biomass. In particular,
the experimental results here reported are focused on the gasification of two kinds of local waste
biomass, with the aim to assess operating conditions, syngas composition and properties and the whole
plant performance. In addition, the syngas cleaning and wastewater treatment process performance is
also evaluated, on the basis of a novel configuration of a tar management system optimised to minimise
water consumption and sludge disposal and recirculate part of the separated tar and exhaust activated
carbon to the gasification unit (thus improving the efficiency of the whole project).

2. Materials and Method

The analysis presented here summarises the key results of an experimental campaign carried out
in order to improve the knowledge of the gasifier’s operation in different operating phases (i.e., start-up,
steady-state and shut down) and to evaluate the performance of the integration with tar management
and wastewater treatment. Moreover, the final scope is to provide useful data so as to improve the
system efficiency to make electricity generation suitable by mean of an internal combustion engine fed
by clean syngas.

2.1. The Sotacarbo Demonstration-Scale Gasification Unit

The nominal 5 MWth demonstration-scale plant (Figure 1) of the Sotacarbo platform is mainly
composed of a gasification section, a wet scrubber for syngas clean-up, a wastewater treatment system
and a flare for final syngas combustion, according to the simplified scheme shown in Figure 2.

  

Figure 1. The Sotacarbo demonstration-scale unit.

115



Energies 2020, 13, 2594

Figure 2. Simplified scheme of the demonstration-scale unit.

2.1.1. Gasification Reactor

The key section of the experimental unit is the gasification reactor. It is based on the historical
Wellman-Galusha fixed-bed updraft technology, which has a commercial history in municipal and
industrial applications dating back at least 80 years [40]. It was further developed in the United States
by Hamilton Maurer International, Inc. (HMI, Houston, TX, USA) for power generation from coal
during more than 10,000 h between 1981 and 1985 [41]. It was converted for biomass (wood chips)
gasification by Ansaldo Energia (former Ansaldo Ricerche), tested in a 1.3 m internal diameter gasifier,
and put in operation between 1999 and 2001 [4].

Biomass is loaded by means of an automatic redler conveyor and it is introduced in the top of
the reactor through four different injection points. The fuel bed is supported by an eccentric grate
that allows continuous ash discharge. The grate design (with different coplanar plates) has been
optimised to allow the reactor to operate in continuous mode, avoiding blockages of the ash extraction
system. It is equipped with a robust driving system specifically designed to optimise its operation.
The gasification agents (air and/or steam) are injected from the bottom of the reactor through the grate
at about atmospheric pressure (with a small overpressure just to win the pressure drops through the
whole process). As fuel flows downwards, it is heated by the hot raw gas that moves upwards, coming
from the grate [20], so that the following processes take place: fuel drying, devolatilisation, pyrolysis,
gasification and partial combustion [38].

The gasifier is also equipped with a cooled stirrer composed of a vertical shaft, with internal water
recirculation, which stirs and uniforms the fuel bed in order to maximise the process performance.
This device can translate vertically and perform both clockwise and counterclockwise rotation.
Moreover, the reactor wall is constantly cooled thanks to a water jacket that allows a slight thermal
dissipation. Steam generated in the jacket during plant operations, reaches by natural circulation the
upper steam drum, downstream connected to a forced air-cooled condenser.

Due to the experimental nature of the unit, characterised by frequent start-up and shut-down
phases, the ignition phase is performed by six infrared ceramic irradiators (instead of the conventional
burners) placed above the bottom of the reactor, which is also equipped with several thermo-couples
located on different levels, in order to monitor the internal temperature profile.

2.1.2. Wet Scrubber

Gas cleaning is an essential component of any biomass gasification plant to meet the specifications
of the syngas end user. Internal combustion engines for power generation require limits of about
30 mg/Nm3 for particulate and 100 mg/Nm3 for tar [36,42]. Conventionally, gas cleaning is performed
by means of different systems, such as wet or wet-dry scrubbing (the former being the most common
in this kind of applications) or hot gas conditioning.
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In this specific case, raw syngas from the gasification unit is sent to a wet scrubbing system
(Figure 3) by means of an insulated pipe (to reduce tar condensation), installed with a slight slope
to allow condensates to move to the scrubber by gravity. The scrubber operates in co-current mode,
in order to remove tar and dust and to prevent backfire. The scrubbing tower is provided with a
dehydration section for the separation of the micro drops of water dragged in the purified syngas.
Heavy non soluble tar (C20–C40 and more), together with inert matter and un-reacted dust separated
from syngas, is collected in the conic bottom of the scrubber and removed through a screw pump [43].
On the other hand, water with light tar (C10–C20) moves to the oil skimmer section.

Figure 3. Water recirculation system.

2.1.3. Wastewater Treatment

The wastewater leaving the scrubber (and temporarily stored in a 6 m3 tank that allows a thermal
flywheel effect) is loaded with tar, dust and various contaminants and must be treated before being
recirculated. As mentioned, the integrated wastewater treatment system (schematically represented
in Figure 3) has been specifically designed to minimise freshwater consumption and sludge disposal
and to recirculate part of the separated tar and exhaust activated carbon to the gasification unit (thus
recovering its energy).

Firstly, wastewater from the scrubber is pre-treated by means of an oil skimmer (specifically
designed and assembled using only commercial components to contain capital cost, in view of
commercial applications), with the aim to continuously separate insoluble oils and tar from the surface
of the liquid phase (thanks to the low specific weight of the compounds and their affinity with the
materials) and potentially to recirculate a part of the pre-treated water directly to the scrubbing system.
About 8 m3/h of wastewater is collected from the tank, filtered and recirculated to spray nozzles of the
wet scrubber through proper pumps. On the other hand, about 0.4 m3/h of light tar mixed with water
(about 5% of the scrubber wastewater recirculation flow) is collected from the free surface of the tank
and delivered to the oil skimmer. An additional external unit provides further treatment in a proper
chemical–physical unit, equipped with different sections for chemical reagent dosing, destabilisation,
flocculation, sedimentation and sludge purging. Treated water is then collected in an external tank
before disposal.

Among the available technologies (i.e., wet oxidation, adsorption on active carbon and/or
carbon-rich ashes from gasification, as well as chemical, physical and biological treatment [43],
the latter not feasible due to the toxicity of the components to be treated [23]), a chemical–physical
treatment unit has been selected.

Physical treatment as ultraviolet light-induced wet oxidation or adsorption on various coke
sorbents was suggested to treat this type of wastewater. Moreover, chemical precipitation using various
salts of Fe and Al can promote the formation of flocs, then reducing the concentration of colloidal and
particulate matter in the wastewater [23]. Finally, adsorption on activated carbon is demonstrated
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to be an effective technology to remove organic pollutants from wastewaters. The main benefits of
using activated carbon are the large surface area, the economic viability and the easy operational
procedures [44], whereas the disadvantages are a difficult and expensive regeneration process that
can limit its application, considering also that the spent carbon generally involves a serious disposal
problem [38].

In this specific case, the different commercial diluted solutions dosed in this unit are based on the
following chemical reagents: hydrochloric acid for pH neutralisation, ferric chloride for destabilisation
and flocculation [45], calcium hydroxide as a coagulant, polyelectrolytes as a thickener. The reactions
take place in different phases, starting with destabilisation and coagulation and ending with flocculation,
and are carried out in two separate tanks, equipped with mechanical stirrers set at different speeds (the
first fast and the second slow). The separation between purified water and sludge takes place in a tank
equipped with lamellar septa and a single-screw mud pump for sludge extraction.

2.1.4. Auxiliaries

The unit is also equipped with different auxiliary systems to allow the experimental runs: fuel
temporary storage and charging system, dust extraction and filtration system, process air and steam
production and adduction systems, and LPG storage and adduction system (to support syngas
combustion by the flare). For safety reasons, such pipeline inertisation or emergency shutdown of the
plant, require a nitrogen storage and adduction system; it comprises a vertical cryogenic vessel for
liquid nitrogen and a system of vaporisers.

The plant includes industrial data acquisition and control equipment in order to continuously
monitor the main process parameters, with particular reference to temperatures, pressures, and flow
rates of the gasification agents. Particular attention is dedicated to monitor the internal temperature
profiles of the gasifier, crucial for correct operations and for reliable data processing.

Composition of raw syngas from the gasifier, clean syngas downstream of the scrubber, exhausts
from flare and vents are monitored by four different gas sampling lines. A real time multi module
industrial analysis system and a portable micro gas chromatograph (GC) are dedicated to continuously
monitor the syngas composition. The first provides a quick online measure of H2, CO, CO2, CH4, H2S
and O2. It consists of several gas analysers, which provide: H2 concentration measured by thermal
conductivity by means of a CALDOS 25 module (within a range between 0% and 100% by volume);
CO, CO2 and CH4 concentrations measured by an infrared URAS26 module (within the following
ranges: 0–30% for CO, 0–25% for CO2, and 0–5% for CH4, all by volume); H2S concentration measured
by an ultraviolet Limas 11 module (between 0% and 2% by volume); and O2 concentration measured
by a paramagnetic Magnos 206 module (between 0% and 25% by volume). Moreover, a micro GC
(Agilent 2000, Santa Clara, CA, USA) analyses H2, CO, CO2, CH4, H2S, and O2 in the syngas, as well
as N2, COS, C2H6 and C3H8. The plant is also equipped with a sampling line that allows measuring
the amount of tar at the exit of the gasifier. To this aim, syngas is collected downwards of the reactor
and sent—through a hot line (200 ◦C)—to three ice cooled traps to allows tar condensation and
sampling. Samples are then analysed in the laboratory, typically in terms of weight, calorific value
and composition.

2.2. Primary Fuels

The experimental campaign presented here has been carried out with stone pine (Pinus pinea) and
eucalyptus (Eucaliptus camaldulensis) wood chips from local wood management. For each biomass,
two different samples have been delivered and analysed, with slight differences mainly in terms of
moisture content.

Table 1 shows, for each sample, proximate and ultimate analysis, as well as lower heating value
(LHV) and bulk density. The analyses have been carried out in the Sotacarbo laboratories according to
the international standards. In particular, proximate analysis has been performed by a LECO TGA-701
thermogravimetric analyser; ultimate analysis has been carried out on a LECO Truspec CHN/S analyser;

118



Energies 2020, 13, 2594

finally, the energy content of the sample (higher heating value) has been measured using an adiabatic
oxygen bomb calorimeter by a LECO AC-500 calorimeter, according to the ISO 1928:1995 standard,
and then converted into LHV considering the moisture content.

Table 1. Characterisation of fuel samples, as received.

Parameter Stone Pine (1) Stone Pine (2) Eucalyptus (1) Eucalyptus (2) Standard

Proximate analysis (% by weight)

Fixed carbon 22.33 21.09 15.37 15.67 By difference
Volatiles 61.87 66.91 56.09 57.41 ASTM D 5142-04
Moisture 11.93 9.25 26.86 25.76 ASTM D 5142-04

Ash 2.87 2.75 1.68 1.16 ASTM D 5142-04

Ultimate analysis (% by weight)

Total carbon 50.72 50.88 49.62 49.75 ASTM D 5373-02
Hydrogen 6.32 6.71 6.17 6.54 ASTM D 5373-02
Nitrogen 0.63 0.50 0.48 0.35 ASTM D 5373-02
Oxygen 27.53 29.91 15.19 16.54 By difference

Moisture 11.93 9.25 26.86 25.76 ASTM D 5142-04
Ash 2.87 2.75 1.68 1.16 ASTM D 5142-04

Other properties

LHV (MJ/kg) 16.07 16.08 13.12 13.34
Bulk density

(kg/dm3) 0.20 0.22 0.25 0.26

2.3. Experimental Procedures

Basically, each run is organised in four different phases: plant preparation, start-up (which
typically lasts for about four hours), steady-state operation and plant shut-down (that requires about
five hours). Before each run, all the auxiliary systems are started up and their functionality is verified,
in order to assure the right operation of the whole plant. In parallel, some instruments are calibrated to
avoid significant errors in the measurement of the key parameters. As soon as the auxiliary operation
is verified, the start-up process can begin: primary fuel is heated by means of the six ceramic infrared
irradiators, until fuel locally reaches the temperature of 750–800 ◦C (typically this phase takes some
45 min, with 15 extra min to complete fuel heating); then air is injected through the ceramic irradiators
to start the fuel ignition; in this phase, gas is vented in the atmosphere. When the ignition of the fuel
bed is confirmed (it needs just few additional minutes), the ceramic irradiators are turned off, the air
flow through the irradiators is stopped, a sub-stoichiometric air flow is injected through the grate
and gas is sent to the flare and burnt; this can be consider the beginning of the operation phase [39].
In general, during the operation phase, a steady-state regime is kept for several hours (through a
continuous feeding of the primary fuel selected for the specific run) or pre-determined operating
procedures are followed, on the basis of the specific aims of each run. The shut-down phase of the
plant begins at the end of the experimental test, interrupting the fuel loading and decreasing air flow
to cool the reactor down.

The runs are operated with a primary fuel (as-received) characterised by a particle size between
10 and 50 mm (with an amount of fines within 5% by weight), maintaining the main operating
parameters constant (in particular air flow) and regulating fuel loading to achieve an almost constant
fuel bed level (at about 1800 mm), with a maximum fluctuation of ±30 mm.

During the experimental tests, wastewater samples are collected from different sections of the
circuit with a pre-determined frequency: from the bottom of the scrubber tank (every 3 h), from a
floating skimmer (1 h), in the decantation tank (1 h), from the rotating oil skimmer (3 h), and downstream
of the activated carbon filter (5 to 10 min). Samples are then analysed in the Sotacarbo labs by measuring
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pH (by means of a portable pH-meter Medidor PH BASIC 20 and a Yokogawa online pH-meter) and
suspended and dissolved solids.

3. Results and Discussion

Gasification results that were collected, for each fuel sample, during about 80 h of continuous
steady-state operation have been processed in order to determine plant operating conditions and
performance. In parallel, wastewater has been collected and analysed. With respect to the previously
published data [39], referred to a preliminary biomass gasification experimental campaign, the results
here reported come from a specific optimisation of the operating procedures for this kind of fuel.

3.1. Gasification Performance

The experimental tests have been arranged regulating the process operating parameters (mainly
fuel and air injection) to optimise syngas composition and maximise its lower heating value as well as
process stability. Table 2 reports a summary of the key operating parameters (including the equivalence
ratio, ER, defined as the ratio between the oxygen actually injected as gasification agent and the oxygen
theoretically required for the stoichiometric fuel combustion) and the subsequent syngas composition,
intended as the average value during the steady-state operation. In particular, the key index assumed
as a measure of the global performance of the gasification process is the so-called cold gas efficiency
(ηCG), conventionally defined on the basis of the first law of thermodynamics as the ratio between the
chemical energy of raw syngas (calculated as the product of syngas mass flow and its lower heating
value) and the chemical energy of primary fuel:

ηCG =
msyn·LHVsyn

m f uel·LHV f uel
(1)

where m is the mass flow rate (in kg/s) and LHV is the lower heating value (in MJ/kg) of syngas and
fuel, indicated by the subscripts syn and fuel, respectively.

First of all, it can be noticed that raw syngas from eucalyptus chips gasification is characterised by
a slightly higher CO2 concentration and a lower CO concentration than those measured during the
stone pine gasification tests. This is one of the effects of the higher moisture content of eucalyptus
biomass, which promotes the water–gas shift reaction. In parallel, it can be noticed that eucalyptus runs
have been performed with a lower specific air flow rate (about 1.9 kg of air per kilogram of biomass,
compared with 2.2 kg/kg for stone pine, both previously determined as the optimum values for the
considered fuels), which leads to a slightly higher heating value. Cold gas efficiency is in the order
of 79–80% for all the runs. Moreover, with respect to eucalyptus gasification, the higher equivalence
ratio used for stone pine gasification led to higher temperatures in the combustion zone and in the
freeboard with, as a consequence, a significantly lower tar production.

Figure 4 shows the trend with time of H2, CO2, CO and CH4 concentrations in the syngas from
one of the runs with stone pine chips (similar results have been obtained during the other three runs).
Syngas composition is quite constant during the whole steady-state operation. It can be also noticed
that the gasification conditions have been reached after about 3 h from the beginning of the start-up
procedure, with an increasing of CO and H2 concentration, whereas the steady state is reached after
about 10 h with the stabilisation of syngas composition.

One of the key aspects for the evaluation of a fixed-bed updraft gasifier operation is represented by
the temperature profile into the reactor, shown in Figure 5—with reference to wall temperatures—for
the same pine-fueled run. Excluding the start-up phase, when the whole reactor is at almost ambient
temperature, the profile shows good stability during the whole run. The trend reveals the characteristic
tendency of fixed bed updraft gasifiers with the maximum temperature in the combustion zone [39].
And, thanks to the presence of the water jacket, the inner temperature in the freeboard (above about
1000 mm from the bottom of the reactor) is typically lower than 200 ◦C and around 100 ◦C at the outlet
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of the gasifier. This involves the condensation of the heaviest tar compounds, which remain trapped in
the reactor in a sort of natural recirculation.

Table 2. Operating parameters and syngas properties.

Parameter Stone Pine (1) Stone Pine (2) Eucalyptus (1) Eucalyptus (2)

Operating parameters

Fuel loading (kg/h) 280 275 345 340
Air flow (kg/h) 630 620 655 650

Equivalence ratio (%) 33.02 32.85 26.48 26.36
Fuel bed level (mm) 1800 1800 1800 1800

Maximum temperature (◦C) 870 880 830 824
Freeboard temperature (◦C) 380 376 300 310

Syngas composition (molar fraction, dry basis)

CO 0.29 0.29 0.27 0.28
CO2 0.05 0.05 0.06 0.06
H2 0.12 0.12 0.12 0.12

CH4 0.02 0.02 0.02 0.02
H2S 0.00 0.00 0.00 0.00
N2 0.52 0.52 0.53 0.52

Syngas properties and process performance

Syngas mass flow (kg/h) 860 845 918 910
Syngas mass flow (kg/h, dry) 783 772 839 832

Lower heating val. (MJ/kg, dry) 4.58 4.58 4.29 4.29
Specific heat (kJ/(kg·K)) 1.11 1.11 1.12 1.12

Cold gas efficiency 0.797 0.800 0.795 0.787

Byproducts

Tar production (kg/h) 50 45 80 92
Ash production (kg/h) 5.5 7.0 5.0 5.4

 

Figure 4. Raw syngas composition trend for stone pine gasification.

If the cold gas efficiency is the key performance indicator for the gasification process, a general
performance on the whole plant (excluding the power generation system, not considered in this study)
can be assessed on the basis of a carbon balance, based on the simplified scheme reported in Figure 6.
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Figure 5. Wall temperature profiles for stone pine gasification.

Figure 6. Process scheme for carbon balance assessment.

Globally, carbon balance can be easily represented by the following equation:

Cin = Cout + Cacc (2)

where Cin is carbon that enters the plant through the primary fuel, Cout is carbon that leaves the plant and
Cacc represents carbon accumulation within the process. In particular, Cout includes carbon contained in
bottom ash (which is negligible, indicating a very efficient conversion during the gasification process),
in the scrubber residues (some 50 kg/h of heavy tars and dust discharged from the bottom of the
scrubber), in light condensed tar (about 10 kg/h separated from the free surface of the scrubber and
discharged by the oil skimmer), and in clean syngas as CO, CO2 and CH4. The residues analyses are
summarised in Table 3. On the other hand, Cacc does not include any contribution from the gasification
unit (the process works at steady state and the fuel level into the gasifier is kept almost constant
during the whole run), whereas some accumulation occurs in the wet scrubber (carbon residues in
the washing water) and in the filters of the water recirculation system (about 7 kg/h). Due to these
accumulations, and in order not to saturate the washing water and keep the water levels constant in
the tanks, a make-up of fresh water of about 60 kg/h is required.
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Table 3. Residues characterisation (% by weight).

Parameter Bottom Ash Liquid Residues Condensed Tar

Fixed carbon 0.14 n.a. n.a.
Volatiles 18.66 0.00 0.00
Moisture 0.13 30.00 20.00

Tars (C10–C40) 68.00 80.00
Minerals 81.08 2.00 0.00

Lower heating value (MJ/kg, dry basis) n.a. 26.00 22.00

3.2. Wastewater Treatment Optimisation and Performance

The efficiency of the implementation of an oil skimmer in the scrubber loop system is evaluated
in terms of pH, and removal of total suspended solids (TSS). Wastewater from the scrubber tank is
characterised by pH values from 3.5 to 4.5, with TSS of about 200 mg/dm3 (measured by filtration and
drying of the collected samples).

During the first gasification campaigns (before the installation of the oil skimmer), the content
of tar and inorganic compounds in clean-up water tended to increase, while pH decreased down to
a pseudo steady-state value of about 3.5. Lab scale titration experiments with 1.2 M HCl showed a
high buffer capacity of the clean-up water around this value. This behaviour has been confirmed also
after CO2 removal from the samples by insufflation of air: the separation between liquid and solid
phases (the latter constituted by the heavy tar deposited on the bottom of the scrubber) was observed.
Light tar is partially separated by the bubbles rising in the liquid phase in the scrubber, and forms a
layer above the free water surface. The dissolved fraction of tar is almost completely recirculated in
the liquid stream and tends to accumulate, increasing the organic load with time. The high content
of pollutants in the clean-up water reduces the effectiveness of scrubbing and may lead to fouling
of surfaces and blocking of the recirculation pumps. Different strategies have been implemented or
planned to remove organics from the clean-up water with in-line processes, to increase the effectiveness
of the scrubbing and reduce water make-up. Furthermore, this complete in-line treatment system
makes it possible not to use the chemical separation process, with a decrease in the investment and
operation costs. In particular, the residues, consisting mainly of tar with a high specific weight C20–C40,
are expelled from the bottom of the scrubber tank where washing takes place. The tar with low specific
weight (C10–C20), floating on the top layer of the tank, is taken from the oil skimmer, concentrated
and separated from the water by means of a mechanical rotary filter and subsequently expelled from
the plant.

Based on a lab scale study, a pilot scale system for treatment of the clean-up water has been
designed and implemented, with the aim to study a possible plant-scale process for the removal
of dissolved tar, thus allowing wastewater recirculation in a closed loop with minimum make-up.
Adsorption with carbon-based sorbents has been tested, with commercial activated carbon (AC) but
also with two coal samples from South Africa and Venezuela (both characterised by similar properties:
a lower heating value of 25 MJ/kg and a content of carbon, moisture and ash of 54%, 8% and 15% by
weight, respectively), to assess the possibility to recirculate the exhaust sorbent in the gasification
unit. The detailed results of this analysis at lab- and pilot-scale can be found elsewhere [43]. Lab scale
experiments show that samples of coal have very low sorption capacity, one order of magnitude lower
than the corresponding values of AC, and low retention times in the breakthrough curves.

Based on these results, the scaling up of the process to plant size has been assessed. A further
experimental campaign has been carried out, where the pilot-scale column has been inserted in the
secondary line and fed for several days, evaluating the turnover time of the sorbent with different
flow rates. As a result, a turnover of about 50 h is required to ensure almost complete removal of
dissolved tar with columns of 2.5–3.0 m height. The exhaust sorbent has been then characterised,
in order to evaluate whether it can be mixed with the biomass in the feed to gasification. Table 4 shows
the comparison between the characteristics of raw sorbent, exhausted sorbent, and a biomass already
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used in the feed of the gasification unit. The assessment shows that the exhaust AC can be added to the
feed: heat power is higher than the corresponding amount of biomass, the content of ashes is similar.
The moisture content is considerably higher, which can be a problem in a field application. However,
AC may constitute a considerable fraction of the feed: 20% of AC results in a 2% increase of moisture
in the feed, which can be acceptable for the plant. Moreover, a possible pre-treatment of drying may
be implemented.

Table 4. Characterisation of raw and exhaust activated carbon (% by weight).

Parameter
Raw AC Exhaust AC

As Received Dry Basis As Received Dry Basis

Fixed carbon 79.07 82.03 56.08 79.80
Volatiles 2.89 3.00 6.60 9.40
Moisture 3.62 0.00 29.75 0.00

Ash 14.43 14.97 7.58 10.80
Lower heating value (MJ/kg, dry basis) 26.39 n.a. 18.47 n.a.

This study, in addition to all the previous experimental activities on the Sotacarbo demonstration-
scale unit [39], has allowed confirmation of the efficiency of the fixed-bed updraft gasification process
with a further improvement of the technology, with particular reference to the applications for power
generation from waste biomass, such as wood chips from wood management but also agricultural
residues. Most of the gasification results have been used to optimise a commercial-scale unit under
design in Alaska [4].

Particular attention has been paid to develop and optimise the wastewater management;
the introduction of the oil skimmer in the pilot unit reduced the organic load from 10% to 30%,
depending of the runs. Moreover, several experiments have been carried out on the use of active
carbon to treat the pyrolysis liquids (oils and tars), with the potential reuse (and energy recovery) of
the spent material as primary fuel of the gasification unit. New tests are currently underway to assess
the content of other contaminants that can be found in raw syngas generated by different feedstock
and in different operating conditions. The stated goal is to make the necessary changes to connect the
system to the electricity grid.

As an alternative solution, recovery of pyrolysis oils separated from raw syngas as a fuel additive
in diesel engines will be exploited [4].

4. Conclusions

This paper reports the main results of the experimental activity—carried out on a demonstration
plant at the Sotacarbo Research Centre in Southwest Sardinia (Italy)—to optimise and develop a
fixed-bed updraft gasification process for power generation from biomass. In particular, the experimental
campaign with stone pine and eucalyptus wood chips as primary fuels has shown a very high gasification
performance, around 79–80% in terms of cold gas efficiency. Syngas has a very stable composition
during the whole run (also thanks to the robust grate driving system, specifically designed and modified
by ENEA and Sotacarbo to optimise the process operation), with a mean lower heating value in the
order of 4.3–4.6 MJ/kg (syngas being composed of 52–53% by nitrogen from the gasification air).

Even if the maximum fuel bed temperature ranges between 820 and 880 ◦C, the highest zone of
the fuel bed is relatively cold, with a freeboard mean temperature of about 300–380 ◦C. It involves
a relatively high tar formation that required a careful design of the syngas cleaning section and
particular attention to optimise the wastewater management to reduce make-ups and wastewater
disposal and possibly recover the high energy content associated with tar and spent sorbents. A first
characterisation of the process has been carried out and the modalities and key parameters to reach
the standard operating conditions have been identified. Moreover, the optimal process parameters
for the operation of the syngas cleaning section have been identified and the configuration has been
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modified (in particular, with the introduction of the oil skimmer integrated with the wet scrubbing
system), with the result of a 60% reduction of wastewater disposal.
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Abstract: The first part of the current reported work presents experimental results of brewers’
spent grains gasification in a pilot-scale downdraft gasifier. The gasification procedure is assessed
through various process characteristics such as gas yield, lower heating value, carbon conversion
efficiency, and cold gas efficiency. Power production was varied from 3.0 to 5.0 kWh during
the gasification experiments. The produced gas was supplied to an internal combustion engine
coupled to a synchronous generator to produce electricity. Here, 1.0 kWh of electricity was obtained
for about 1.3 kg of brewers’ spent grains pellets gasified, with an average electrical efficiency of
16.5%. The second part of the current reported work is dedicated to the development of a modified
thermodynamic equilibrium model of the downdraft gasification to assess the potential applications
of the main Portuguese biomasses through produced gas quality indices. The Portuguese biomasses
selected are the main representative forest residues (pine, eucalyptus, and cork) and agricultural
residues (vine prunings and olive bagasse). A conclusion can be drawn that, using air as a gasifying
agent, the biomass gasification provides a produced gas with enough quality to be used for energy
production in boilers or turbines.

Keywords: autothermal gasification; downdraft reactor; thermodynamics; chemical equilibrium;
carbon boundary point

1. Introduction

Population and incomes rising will continue to push up the global energy demand, according to
the International Energy Agency (IEA) [1]. Additionally, the limited availability of energy resources
calls for new advantageous and creative solutions for safe energy supply. Bioenergy is considered one
of the key options of the renewable energy field to mitigate greenhouse gas emissions, replace fossil
fuels, and ensuring a more secure and sustainable energy system [2].

Biomass conversion via gasification is an established technique in modern bioenergy systems [3].
It is an important process to convert biomass into a combustible gas that can be used in boilers, turbines,
engines, and even fuel cells. This combustible gas can also be used as a raw material in the production
of synthetic fuels or chemicals [4,5].

Lignocellulosic biomass represents the most available renewable resource on the planet [6].
The interest in using lignocellulosic biomass as a renewable resource for bioproducts production is
rising, especially due to their abundance, low cost, and their production does not compete with the
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food chain [7]. Among the lignocellulosic biomasses, spent grain [8] has received increased interest in
the last few years [9–14].

Spent gain is the major byproduct of the brewing process that includes spent yeast and spent
hops [14]. Basically, beer is a yeast fermenting product of the brewer wort obtained from malted barley,
sometimes combined with other cereals called adjuncts (maize, rice, oats, wheat, etc.), with the addition
of hops [15].

Spent grain is generated in the beer-brewing process, which begins with the production of the wort.
The wort comprises crushed barley malt mixed with water in a mash tun. The temperature is gradually
increased to about 78 ◦C in order to transform the malt starch into fermentable and non-fermentable
sugars. The insoluble undegraded part of the barley malt grain obtained in the mixture with the wort
at the end of this process is known as spent grain. Spent grain is the most abundant brewing byproduct,
corresponding to around 85% of total byproducts generated [9].

During the brewing process, the wort should be submitted to the boiling stage, with the purpose
of hop addition and the extraction of its aroma and bitterness compounds [16]. In this step, the wort
loses part of its high nitrogen content due to the formation of a precipitate called hot trub or spent
hop. Spent hop is the second solid residue generated in the brewing process, which results principally
from insoluble coagulation of high molecular weight proteins. Comprising around 2% of the total
byproducts generated during brewing, spent hop is the lowest byproduct of the brewing process.
The main use of spent yeast is as animal feed as a source of protein and water-soluble vitamins [17].

The fermentation stage is triggered by the addition of yeast to the filtered wort, converting sugar
to alcohol and carbon dioxide. Before full maturation of the beer, the excess yeast is collected and can
be re-used in the brewing process as many as six times. After this, it becomes brewer’s spent yeast.
Comprising around 13% of the total byproducts generated during brewing, spent yeast is the second
biggest byproduct of the brewing process. Spent yeast is an interesting byproduct since it contains a
high level of nutrients, and several technologies exist that can transform this byproduct into a valuable
resource. However, to date, its industrial utilization is very limited because of the fast contamination
and spoilage of spent yeast as a result of the activity of microorganisms. The bitterness of spent hops
does not make it a good candidate for use as an animal feed [17]. The main methods of disposal are to
reuse them as fertilizer or compost [18].

From this brief overview of the brewing process, it is possible to verify that the brewer’s spent
grains (BSG) are the most representative byproduct of the brewing process. The brewing sector in
Portugal generates around 135,000 tonnes of BSG per year [13], which are mainly used as animal feed.
Nevertheless, recent developments exposed other possible applications such as the production of
various value-added bio-products [9–11] and energy generation for the brewing process [11–13].

There are numerous methods of exploiting biomass to produce energy and fuels. Among
them, gasification processes seem to be a good option for small- to large-scale applications since the
sub-stoichiometric conditions in the reactor allows for much lower pollutant emissions than combustion
processes [19,20].

Literature is very scarce on the subject of the thermochemical conversion of BSG through pyrolysis
and gasification processes. Mahmood et al. [21] used a batch pyrolysis reactor to pyrolyze small
samples of BSG. A reforming nickel catalyst was added downstream of the reactor for cracking and
reforming of the pyrolysis products with and without the addition of steam. The obtained results
indicated that catalytic reforming promotes an increase in CO and H2 contents. The process also
showed an increase in heating value for the produced gas as the reforming temperature increased.
Borel et al. [22] performed thermogravimetric studies on the pyrolysis of BSG to evaluate its potential
for bio-oil production. The results suggest a good potential of BSG for bio-oil production due to
their high heating value and high volatile matter content. Ulbricha et al. [11] studied the influence of
temperature and residence time on the hydrothermal carbonization and carbon dioxide gasification of
brewers’ spent grains. The results suggest that prolonged residence times and higher temperature
decreases energy and mass yields and increases heating values and fixed carbon formation in the
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coal. Carbon dioxide reaction rates of chars after pyrolysis are decreased due to the formation of fixed
carbon during the hydrothermal carbonization. Activation energies of the carbon dioxide reaction
also decrease with higher hydrothermal carbonization reaction rates. Ferreira et al. [13] performed
a very complete characterization of brewers’ spent grains and subject it to steam gasification in an
allothermal batch reactor. BSG was characterized through proximate, ultimate, and thermogravimetric
analysis and a van Krevelen diagram. The results suggest that BSG has similar characteristics to
common lignocellulosic biomasses. BSG steam gasification was carried out to determine the influence
of temperature and the steam-to-biomass ratio on the produced gas composition. They found that
CO and CH4 contents decrease with the steam-to-biomass ratio, while H2 and CO2 contents increase.
The temperature increase leads to increased CO and H2 contents and decreased CH4 and CO2 contents.

Another possible route of valorization for BSG is downdraft gasification, which is a proven
technology and a low-cost process with the additional advantage of generating very low tar levels [19].
The produced gas can be subjected to cogeneration, for which BSG gasification behavior is still
unknown. Therefore, the first part of this paper is dedicated to the study of the influence of some
process conditions on the BSG downdraft gasification using a power pallet downdraft gasifier from All
Power Labs (Berkeley, CA, USA).

The second part of this paper is dedicated to the development and implementation of a
mathematical model to understand and predict the BSG downdraft gasification process performance
and to assess the influence of diverse variables on the process performance for other biomass substrates.
The main reason for that is to take advantage of the possibility provided by numerical models in order
to circumvent time-consuming and costly experimental trials [23,24].

Gasification modeling and simulation may be achieved through different approaches,
such as equilibrium models, kinetic models, computational fluid dynamics, and artificial neural
networks [24,25]. Equilibrium models have the capacity to predict the maximum possible yield of a
product; hence, they are not so accurate. However, thermodynamic models may be more suitable for
some applications, given that they are independent of the gasifier’s design and do not include any
information about conversion mechanisms [26]. Therefore, they are the best choice for preliminary
studies and parametric studies [25,27].

There are many modeling studies on equilibrium modeling of lignocellulosic biomass such as
wood [28,29], agriculture residues [29,30], or pine [31]. However, to the best of our knowledge,
there are no modeling studies on BSG downdraft gasification. Therefore, the second part of this work
is dedicated to the development of a modified thermodynamic equilibrium model of the downdraft
gasification to assess the potential application of the main Portuguese biomasses through produced
gas quality indices.

2. Materials and Methods

2.1. Brewer’s Spent Grain Characterization

The BSG used in downdraft gasification experiments was characterized in a previous study [13] in
terms of ultimate and proximate analysis and heating value. The main results of BSG characterization
are shown in Table 1.

Table 1. Characterization of brewers’ spent grain pellets [13].

Parameter Value Parameter Value

Moisture (%) 12.7 Density (kg/m3) 517
HHV (MJ/kg) 17.8 LHV (MJ/kg) 16.5

Proximate analysis (%, db) Ultimate analysis (%, daf)
Ash 3.8 C 48.3

Volatile 86.8 H 5.6
Fixed carbon 9.4 N 5.5
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2.2. Pilot-Scale Downdraft Reactor

A pilot-scale integrated gasification power system—a 20 kW Power Pallet (PP20) supplied by
All Power Labs, Berkeley, CA, USA—was used. This system is mainly comprised of a downdraft
reactor, an internal combustion engine, an electrical synchronous generator, and a process control
unit. The external appearance of the gasifier and the main specifications are given in Figure 1 and
Table 2, respectively.

Figure 1. Pilot-scale downdraft reactor. Left: (1) Hopper, (2) Valves to flare and engine, (3) Control unit,
(4) Ash vessel, (5) Gas filter, (6) Operational panel, (7) Generator, (8) Wiring box, (9) Grid-tie. Right:
(1) Flare, (2) Exhaust stack, (3) Reactor access port, (4) Gasifier, (5) Air inlet check valve, (6) Cyclone,
(7) Filter condensate drain bung, (8) Filter lid-locking lever, (9) drying bucket.

Table 2. Power Pallet specifications [32].

Property Value

Power output 3–15 kW at 50 Hz
Biomass consumption 18 kg/h at 15 kW

Moisture tolerance <30%
Dimensions 1.4 × 1.4 × 2.2 m

Weight 1065 kg
Feedstock hopper capacity 0.33 m3

The downdraft gasifier is made of stainless steel, and its kernel is made of coated ceramic.
It is comprised of four sections corresponding to the different gasification phases (drying, pyrolysis,
combustion and cracking, and reduction), as depicted in Figure 2. The power pallet system operates
at a negative pressure to avoid gas leaks. Therefore, the hopper is sealed to maintain the negative
pressure. In the drying zone, a heat exchanger with the hot departing gas reduces the moisture content
of the biomass. A worm screw carries the dried biomass for the downdraft reactor. Drying and
pyrolysis are both endothermic phases of gasification. Therefore, the power pallet includes a physical
separation between these gasification phases to avoid competition for the heat required to each phase
and reduce the amount of water in the gasifier, which would tend to agglomerate the tars and the soot
into droplets and hamper their elimination by thermal cracking.
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Figure 2. Schematic view of the gasifier system.

The heat required for the pyrolysis that occurs at the top of the gasifier comes from combustion
reactions that take place in the middle of the gasifier and from a heat exchanger with the engine’s
exhaust gases. The air intake flow to the combustion zone also experiences a heat exchange with the
departing gas. In the reduction zone at the bottom of the gasifier, a grate allows ash and char granules
to pass. This grate is shaken by the system to smooth the passage of small granules and ash to the
bottom of the gasifier, which, in turn, facilitates the flow of the produced gas.

The produced gas leaves the gasifier and enters into a cyclone that precipitates larger particles
and condensates present in the produced gas stream. After that, the produced gas can follow two
different routes, depending on the operating conditions. During start-up, the produced gas follows
the flare route, as is the low temperature in the gasifier does not permit it to crack the produced tars;
that would damage the internal combustion engine. When the temperature in the reactor stabilizes,
the produced gas follows the internal combustion engine route. Meanwhile, the produced gas goes
through a packed bed filter, which ultimately removes moisture and other contaminants.

The internal combustion engine is a spark-ignition engine (GM Vortec type) (General Motors,
Detroit, MI, USA) properly modified to use low calorific combustible gases. The air-fuel ratio is tuned
through a control unit and an oxygen (lambda) sensor. The equivalence ratio is seen on the control unit
display, which allows the user to verify that the air-fuel mixture is generally stoichiometric [33].

The Power Pallet has a direct connection between the engine’s drive shaft and the generator.
For the generator to output electricity with a constant frequency of 50 Hz, it also has an engine governor
to ensure that the engine turns at 1500 rpm (synchronous generator with four poles) while varying
the power output to match the load on the generator. Further details about the pilot-scale integrated
gasification power production system and its equipment can be found elsewhere [32,34,35].

2.3. Experimental Procedure

Prior to the gasification experiments, the reactor was fully emptied and then filled with BSG
pellets. For the BSG gasification trials, the hopper was filled with 50 kg of BSG pellets working in a
batch mode. The system was initially tested to avoid gas leaking from the gasifier during operation.
The start-up of the gasifier was done by a propane burner. When the temperature rises above 700 ◦C,
the produced gas is supplied to the internal combustion engine instead of the flare. At the end of each
gasification trial, the reactor, gas filter, grate basket, and ash container were cleaned.

The produced gas was sampled at the exit of the gas filter using Tedlar bags (CEL Scientific Corp.,
Cerritos, CA, USA) in intervals of 15 min during the one-hour test for each operational condition.
Therefore, four produced gas samples were taken for each operational condition and analyzed in a
Varian 450-GC (Scion, Austin, TX, USA) gas chromatograph with two thermal conductivity detectors,
enabling the recognition of CO, CO2, CH4, C2H2, C2H4, C2H6, H2, O2, and N2 using nitrogen and
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helium as carrier gases. The experimental results presented in this paper are the average of these
four samples.

2.4. Mathematical Model

The modified stoichiometric equilibrium model presented herein is based on the carbon boundary
point (CBP) concept. The CBP is attained when enough gasifying agent is supplied to achieve
complete gasification [36,37]. Therefore, it is generally considered to define the optimal conditions
of a gasification process [36,38]. It is also considered a two-stage model. In the first stage, below the
carbon boundary point, only heterogeneous reactions take place. In the second stage, above the carbon
boundary point, only homogeneous reactions occur [31,36].

The modified stoichiometric equilibrium model presented herein is based on the following typical
assumptions [27,36]:

- The gasifier is considered zero-dimensional and adiabatic;
- Residence time is long enough for the equilibrium state to be achieved;
- Hydrodynamic behavior is considered as homogeneous mixing with uniform pressure

and temperature;
- Tars and ashes contents are considered negligible.

The stoichiometric equilibrium model is developed as a two-stage model considering a sub-model
for gasification at and below the CBP, where a heterogeneous equilibrium is present, and another
sub-model for gasification above the CBP, where homogeneous equilibrium is present, i.e., all the
components are in the gaseous state, as in references [31,38].

2.4.1. Model at and below the CBP

• Mass Balance

The global gasification reaction of a mole of biomass in m moles of air can be expressed as follows:

CHxOyNz + wH2O + m(O2 + 3.76N2)→ nH2H2 + nCOCO + nH2OH2O + nCO2CO2+

nCH4CH4 + nN2N2 + ncharChar
(1)

where the subscripts ni denotes the stoichiometric coefficients. CHxOyNz denotes the biomass material,
and x, y, and z denote the numbers of atoms of hydrogen, oxygen, and nitrogen per number of atoms
of carbon present in the biomass. w and m denote the quantity of moisture and oxygen per mole
of biomass, respectively. The subscripts x, y, z, and w are obtained from the ultimate analysis of
the biomass.

The atomic balance for the chemical elements C, H, O, and N are defined as follows:

C : nCO + nCO2 + nCH4 + nchar = 1 (2)

H : 2nH2 + 2nH2O + 4nCH4 = x + 2w (3)

O : nCO + nH2O + 2nCO2 = y + w + 2m (4)

N : 2nN2 = z + 7.52m (5)

• Thermodynamic Heterogeneous Equilibrium
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Three independent equilibrium chemical reactions are enough for the heterogeneous equilibrium.
The relevant gasification reactions in this regard are the Boudouard reaction (Equation (6)), the water–gas
(Equation (7)), and methane formation (Equation (8)) [31,39].

C + CO2 ↔ 2CO (6)

C + H2O↔ CO + H2 (7)

C + 2H2 ↔ CH4 (8)

The equilibrium constants for those reactions are [31]

K6(T) =

(nCO
nt

)2

(nCO2
nt

)
(Pre f

P

)
(9)

K7(T) =

(nCO
nt

)(nH2
nt

)
(nH2O

nt

)
(Pre f

P

)
(10)

K8(T) =

nCH4
nt(nH2

nt

)2

(Pre f

P

)
(11)

where nt denotes the total number of moles of produced gas, PRef denotes the standard pressure (1 atm),
P denotes the pressure at the operating condition, and ki(T) denotes the equilibrium constant that can
also be obtained using the standard Gibbs function [39],

ln Ki = −
∑N

i=1 niΔg0
f ,T,i

RT
(12)

where R denotes the universal gas constant and Δg0
f ,T,i the standard Gibbs function of formation of the

gas species i, which can be determined as follows [39]:

Δg0
f ,T,i = h0

f − a′T ln(T) − b′T2 −
(

c′
2

)
T3 −

(
d′
3

)
T4 −

(
e′
2T

)
− f ′ − g′T (13)

The coefficients a’–g’ and the enthalpy of formation of the gases are given in Table 3.

Table 3. Enthalpy of formation (kJ/mol) and coefficients of the Gibbs equation (kJ/mol) [40].

Substance h0
f a’ b’ c’ d’ e’ f’ g’

CO −110.5 5.619 × 10−3 −1.190 × 10−5 6.383 × 10−9 −1.846 × 10−12 −4.891 × 102 8.684 × 10−1 −6.131 × 10−2

CO2 −393.5 −1.949 × 10−2 3.122 × 10−5 −2.448 × 10−8 6.946 × 10−12 −4.891 × 102 5.270 −1.207 × 10−1

CH4 −74.8 −4.620 × 10−2 1.130 × 10−5 1.319 × 10−8 −6.647 × 10−12 −4.891 × 102 1.411 × 101 −2.234 × 10−1

H2O −241.8 −8.950 × 10−3 −3.672 × 10−6 5.209 × 10−9 −1.478 × 10−12 0.000 2.868 −1.722 × 10−2

• Energy Balance

The gasification temperature can be obtained by the following global energy balance equation for
1 kg of biomass considering that the process is adiabatic [39].

∑
i

ni

[
h0

f ,i + ΔHT
298

]
i, reactants

=
∑

i

ni

[
h0

f ,i + ΔHT
298

]
i, products

(14)
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Taking into account the global gasification reaction of Equation (1), the global energy balance can
be expressed as

h0
f ,biomass + w

(
h0

f ,H2O + hvap

)
+ m h0

f ,O2
+ 3, 76 m h0

f ,N2

= nH2h0
f ,H2

+ nCOh0
f ,CO + nH2Oh0

f ,H2O + nCO2h0
f ,CO2

+ nCH4h0
f ,CH4

+ nN2h0
f ,N2

+ ncharh0
f ,char

+
(
nH2cp,H2 + nCOcp,CO + nH2Ocp,H2O + nCO2cp,CO2 + nCH4 cp,CH4

+nN2 cp,N2 + ncharcp,char)ΔT

(15)

h0
f ,i, hvap, and cp,i denote the biomass enthalpy of formation, the enthalpy of vaporization of water, and

the specific heat, respectively. ΔT refers to the temperature difference at any given T and at 298 K.
The enthalpy of formation of the biomass can be computed by the following relationship [41]:

h0
f ,biomass = LHV +

∑
i

[
nih0

f ,i

]
i,products

(16)

where h0
f ,biomass denotes the enthalpy of formation of product i under complete combustion of the

biomass and LHV denotes the lower heating value of the biomass. The LHV of the biomass is computed
by subtracting the higher heating value (HHV) of the biomass by the enthalpy of vaporization of water
as follows [26]:

LHVbio = HHVbio − 2260× (0.09 H + 0.01M)

(
kJ
kg

)
(17)

where H and M denote the hydrogen and moisture fractions on an as-received basis. The value 2260 is
the latent heat of the water in kJ/kg. The HHV of the biomass is computed accordingly to the correlation
of Channiwala and Parikh [42],

HHVbio = 349.1 C + 1178.3 H + 100.5 S− 103.4 O− 15.1 N − 21.1 Ash
(

kJ
kg

)
(18)

where the mass percentages of the compounds are those obtained by ultimate analysis on a dry basis.
Cp denotes the specific heat at constant pressure in kJ/kmol K that can be computed by the

following empirical equation [41]:

Cp(T) = a1 + a2T + a3T2 + a4T−2 (19)

where the coefficients ai are given in Table 4 for the chemical species involved.

Table 4. Coefficients for the specific heat calculation [41].

Species a1 a2 a3 a4

C 16.336 0.60972 × 10−2 −0.64762 × 10−6 −836,340
CO 28.448 0.23633 × 10−2 −0.24877 × 10−6 4291.9
CO2 36.299 0.20352 × 10−1 −0.21455 × 10−5 −449,100
CH4 23.607 0.49622 × 10−1 −0.52248 × 10−5 −212,800
H2O 28.166 0.14667 × 10−1 −0.15433 × 10−5 100,230
H2 25.310 0.82575 × 10−2 −0.86850 × 10−6 106,010
N2 27.883 0.29838 × 10−2 −0.31384 × 10−6 38,452

2.4.2. Model Above the CBP

• Mass Balance
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The balance for, C, H2, O2, and N2 can be given by [31]

C : ngas
(
nCO + nCO2 + nCH4

)
CBP

= ngas
(
nCO + nCO2 + nCH4

)
(20)

H2 : ngas
(
nH2 + nH2O + 2nCH4

)
CBP

= ngas
(
nH2 + nH2O + 2nCH4

)
(21)

O2 : ngas
[
0.5

(
nCO + nH2O

)
+ nCO2

]
CBP

+nair×nO2,air + 0.5×nH2O = ngas
[
0.5

(
nCO + nH2O

)
+ nCO2

]
(22)

N2 : ngas × nN2, CBP + nair × nN2,air = ngas × nN2 (23)

where ngas, nCO, nCO2 , nCH4 , nH2 and nH2O denotes the molar amount of produced gas, carbon monoxide,
carbon dioxide, methane, hydrogen, and water, respectively. nair, nO2, air , and nN2, air denotes the molar
amount of air, oxygen in the air, and nitrogen in the air. The subscript CBP stands for a species molar
amount at the CBP.

• Thermodynamic Homogeneous Equilibrium

The pertinent chemical reactions are the water–gas shift reaction (Equation (24)) and methanation
reaction (Equation (25)) [36].

CO + H2O↔ CO2 + H2 (24)

CO + 3H2 ↔ CH4 + H2O (25)

The equilibrium constants for those reactions are [31]
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These equilibrium constants are obtained using Equation (12).

• Energy Balance

The global energy balance equation for the homogenous stage of the model is defined as
follows [31,38]:

(
Δhgas + LHVgas

)
CBP
× ngas,CBP + Δhair × nair + Δhwater × nwater =

(
LHVgas + Δhgas

)
× ngas (28)

where Δhair × nair denotes the product between the air enthalpy difference by the molar amount of
air, Δhwater × nwater denotes the product between the water enthalpy difference by the molar amount
of water vapor, Δhgas denotes the produced gas enthalpy difference, and LHVgas denotes the lower
heating value of the produced gas. The unknowns in Equation (28) are computed thanks to Equations
(16)–(19).

2.4.3. Calculation Procedure

It is known that equilibrium models at relatively low gasification temperatures overestimate
carbon monoxide and hydrogen yields and underestimates carbon dioxide and methane yields [25,43].
Therefore, to improve the predictive capabilities of the developed equilibrium model, the multiplicative
factors of Jarungthammachote and Dutta [39] were used. According to their methodology,
the equilibrium constants of the water-gas reaction (Equation (10)) and methanation reaction (Equation
(11)) were multiplied by 0.91 and 11.28, respectively. The values of nCO, nCO2 , nCH4 , nH2 , nH2O, nt,
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and TCBP are computed in the first stage of the model, i.e., below and at the CBP, assuming an initial
temperature. In the second stage of the model, i.e., above the CBP, the same methodology was followed
to solve the homogeneous equilibrium. The values of nCO, nCO2 , nCH4 , nH2 , and nH2O. obtained in the
first stage of the model are used as input parameters for the second stage of the model.

The described stoichiometric modified equilibrium model was implemented and solved in Matlab
(MathWorks Inc., Natick, MA, USA) software using the Newton–Raphson method.

3. Results and Discussion

3.1. Experimental Results

The operating conditions of the downdraft gasifier were characterized by the biomass feed rate,
air feed rate, equivalence ratio (ER), and produced gas composition. Table 5 shows the operating
conditions, averaged produced gas fractions, and efficiencies to understand the behavior of the whole
power production system. The equivalence ratio was computed as the ratio between the actual oxygen
added to the gasifier and the stoichiometric oxygen needed for the complete combustion of the biomass.
The gasifier airflow intake was estimated by the following empirical expression [44]:

Qair in

(
m3

h

)
= 2.4207× (vacum pressure( in H2O))0.5227 (29)

The resulting equivalence ratios were between 0.20 and 0.23. The lower heating value (LHV) of
the dry gas was computed based on the molar fractions of fuel gases (Y) and the corresponding LHV at
reference conditions [45],

LHVgas = 10.79YH2 + 12.62YCO + 35.81YCH4 + 56.08 YC2H2 + 59.04 YC2H4 + 63.75 YC2H6 (30)

The LHV of the dry gas was found to be between 5.8 and 6.6 MJ/Nm3, with the higher values
obtained for equivalence ratios of 0.20. The gas yield was estimated based on the mass balance of N2 in
the reactor. It was assumed that all the nitrogen in the fuel exits in the produced gas as N2 and the N2

behaves as an inert gas. The gas yields values obtained for the gasification experiments were between
2.05 and 2.20 Nm3gas/kg BSG.

Carbon conversion efficiency (CCE) defines the fraction of solid carbon converted to gas carbon in
the produced gas stream. It is clearly a measure of the amount of unconverted carbon and furnishes
an indication of the chemical efficiency of the process. Values of CCE between 85.9 and 87.8% were
obtained for the experimental conditions used.

Cold gas efficiency (CGE) was computed as the ratio of the chemical energy in the produced gas
and the chemical energy in the biomass. Values of CGE between 74.6 and 82.5% were obtained for the
experimental conditions used.

The total efficiency is calculated based on the ratio between the power produced (Pel) and the
chemical energy in the biomass as follows:

ηt =
Pel × 3.6
.

mb × LHVb
(31)

Values of total efficiency between 15.8% and 17.7% were obtained for the experimental conditions
used, which are consistent with other published works [44].
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Table 5. Experimental operating conditions and producer gas analysis for brewer’s spent grains (BSG).

Experimental Conditions Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Biomass feed rate (kg/h) 4.0 3.9 3.7 6.9 6.8 6.5
Air feed rate (Nm3/h) 4.9 4.3 4.0 8.1 7.7 7.0

Equivalence ratio 0.23 0.21 0.20 0.22 0.21 0.20

Produced gas fraction (%vol. db)

H2 14.4 ± 1.7 15.9 ± 0.5 16.4 ± 0.4 15.6 ± 0.9 15.7 ± 0.4 16.6 ± 0.2
CO 15.9 ± 1.5 16.0 ± 0.4 16.2 ± 0.2 16.3 ± 0.2 16.8 ± 0.5 16.9 ± 0.5
CH4 3.2 ± 1.4 3.4 ± 0.9 3.5 ± 0.9 2.5 ± 0.7 2.5 ± 0.6 2.9 ± 0.4
CO2 16.3 ± 1.8 16.2 ± 0.7 15.6 ± 0.3 15.8 ± 0.3 15.1 ± 0.6 15.1 ± 0.7
N2 46.2 ± 2.1 43.8 ± 2.6 42.7 ± 3.4 46.8 ± 1.8 44.9 ± 2.0 43.2 ± 2.9
O2 2.2 ± 0.3 2.4 ± 0.6 3.2 ± 0.6 2.1 ± 0.4 2.2 ± 0.5 2.5 ± 0.9

C2H2 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
C2H4 es1.5 ± 0.6 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.4 ± 0.3 2.5 ± 0.3
C2H6 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0

Gasification process characteristics

Gas LHV (MJ/Nm3) 5.8 6.3 6.5 5.9 6.4 6.6
Gas yield (Nm3) 8.5 8.0 7.9 15.2 14.2 13.4

Cold gas efficiency (%) 74.6 78.7 82.4 79.5 80.6 82.5
Carbon conversion efficiency (%) 87.8 86.3 87.6 86.3 86.1 85.9

Power output characteristics

Power output (kWh) 3.0 3.0 3.0 5.0 5.0 5.0
Total efficiency (%) 16.4 16.8 17.7 15.8 16.0 16.8

3.2. Model Validation

To validate the developed modified stoichiometric equilibrium model, the numerical results
were compared with the experimental results obtained in this work. Figure 3 shows a comparison
between the numerical results predicted by the developed model (shown in the horizontal axis) and
the experimental data (shown in the vertical axis).
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Figure 3. Comparison between modeled and measured produced gas composition for BSG gasification.

From Figure 3, we can see that the developed modified stoichiometric equilibrium model is
capable of predicting the produced gas composition within a margin of error of less than 20%. This is a
very satisfactory performance for a complex process such as biomass gasification. Greater divergences
were detected for methane since reduced molar fractions tend to yield greater relative errors. Moreover,
all light hydrocarbons and tars not considered in the model can be lumped into CH4, which can further
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explain the higher deviation [46]. Moreover, some degree of divergence should be attributed to the
model’s nature and assumptions.

3.3. Syngas Quality Assessment for Various Biomass Substrates

Forest and agriculture residues are the most common biomass resources available in Portugal [2,
20,47]. Pine, eucalyptus, and cork are the species representative of the forest residues that are most
abundant in Portugal [20,47]. Regarding agricultural residues, the most common are the ones deriving
from the agricultural activities of the olive oil and wine industries [20]. These biomass resources can be
utilized on a larger scale for energy production and were characterized to evaluate their potential using
the developed modified stoichiometric equilibrium model. The characterization of selected biomasses
is presented in Table 6.

The produced gas quality depends on the ER, which should be substantially lower than
stoichiometry to guarantee that the biomass is gasified instead of burned [48]. An excessively
low ER results in frequent problems, such as incomplete gasification and minor LHV of the produced
gas. A high ER results in excessive formation of combustion products at the expense of fuel gases [48].
According to Narvaez et al. [49], the ER optimum range for biomass gasification lies between 0.2 and
0.4, and this ER interval was therefore used in our analysis. Regarding the gasifying agent, only air is
used in our assessment. The reason lies in the fact of air being the most commonly used gasifying agent,
as it is obviously economical [50], and it generates a produced gas of low calorific value, due mainly to
its high nitrogen content [51]. Steam as a gasifying agent generates a produced gas with a moderate
heating value, and its costs are between air and oxygen. Oxygen is the most expensive gasifying agent
and, therefore, used only for more advanced applications [4]. Other operating parameters such as
pressure or catalysts use can have a great influence on the produced gas quality [19,26]. However,
these are beyond the scope of the present assessment.

Table 6. Characterization of selected biomasses.

Biomass Properties Pine Eucalyptus Cork Olive Bagasse Vine Pruning

Proximate analysis (%, ar)
Ash 2.6 7.5 9.4 13.1 2.7

Volatile 53.6 41.7 62.1 57.8 72.5
Fixed carbon 36.4 44.0 13.4 19.7 11.5

Moisture 7.4 6.8 15.1 9.4 13.3
Ultimate analysis (%, daf)

C 42.7 43.7 45.2 43.2 41.3
H 5.8 5.6 5.3 5.6 5.5
N 2.1 0.5 0.6 1.9 2.6
S 0.0 0.0 0.0 0.0 0.0
O 49.4 50.2 48.9 49.3 50.6

HHV (MJ/kg) 18.4 17.8 16.4 17.5 15.1

The results obtained using the developed modified stoichiometric equilibrium model of the
downdraft gasification using air as the gasifying agent are presented in Table 7 as a function of ER for
the various Portuguese biomasses.
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Table 7. Model results for various Portuguese biomasses.

Biomass Pine

Simulation conditions (ER) 0.20 0.30 0.40
Produced gas fraction (%vol. db)

H2 18.0 16.0 14.3
CO 19.0 17.5 16.8
CH4 2.9 3.0 3.1
CO2 12.0 13.5 14.7

Biomass Eucalyptus

Simulation conditions (ER) 0.20 0.30 0.40
Produced gas fraction (%vol. db):

H2 16.0 14.8 13.7
CO 18.0 16.6 15.8
CH4 2.1 2.3 2.4
CO2 14.0 15.0 15.9

Biomass Cork

Simulation conditions (ER) 0.20 0.30 0.40
Produced gas fraction (%vol. db)

H2 17.5 15.8 14.0
CO 19.2 17.6 16.9
CH4 3.0 3.1 3.2
CO2 11.8 13.3 14.5

Biomass Olive Bagasse

Simulation conditions (ER) 0.20 0.30 0.40
Produced gas fraction (%vol. db)

H2 16.0 14.8 13.7
CO 18.3 16.7 15.9
CH4 2.1 2.3 2.4
CO2 14.5 15.4 16.1

Biomass Vine Prunings

Simulation conditions (ER) 0.20 0.30 0.40
Produced gas fraction (%vol. db)

H2 21.0 19.9 18.7
CO 20.0 18.4 17.5
CH4 1.9 2.0 2.1
CO2 11.0 11.7 12.5

Applications for produced gas can be divided into two main groups—power or heat and
fuels or chemical products. Table 8 recapitulates required produced gas characteristics for various
end-use options.

Table 8. Produced gas characteristic guidelines for different applications [52].

Application H2/CO Hydrocarbons N2 CO2 Heating Value

Synthetic fuels 0.6 Low Low Low Irrelevant
Methanol 2.0 Low Low Low Irrelevant
Hydrogen High Low Low Not critical Irrelevant

Boiler Irrelevant High Irrelevant Not critical High
Turbine Irrelevant High Irrelevant Not critical High

Typically, produced gas characteristics are more important for chemicals and fuel synthesis
applications than for hydrogen and fuel gas applications. Some process equipment such as scrubbers
and coolers can be utilized to correct the characteristics of the produced gas to match those ideals for
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the chosen end-use. However, this supporting equipment increases the complexity and final cost of
the process [52].

Figure 4 shows the influence of ER on the produced gas H2/CO molar ratio for the various
biomasses of Table 6.
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Figure 4. Produced gas H2/CO molar ratio as a function of equivalence ratio (ER) for various biomasses.

From analyses of Figure 4, it can be seen similar behavior of the H2/CO molar ratio for most
of the biomasses under study. The exception is verified for vine pruning, which presents greater
H2/CO molar ratios. The explanation is linked to biomasses composition provided by proximate
and ultimate analyses of Table 6. From Table 6, it is possible to verify the similar composition of the
various biomasses being the distinctive aspect of the greater percentage of volatiles of vine pruning.
The volatiles are released in the pyrolysis phase, generating CO, H2, and hydrocarbons as pyrolytic
gas products [53]. On the other hand, the increase of ER implies the supply of greater amount of air to
the reactor, which favors the oxidation reactions [54]. A low ER ensures high produced gas quality due
to higher values of the combustible gases. However, the ER should not be too low because the oxygen
supply will not be enough to convert the char. Figure 5 shows the effect of ER on the produced gas
CH4/H2 molar ratio for the various biomasses of Table 6.
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Figure 5. Produced gas CH4/H2 molar ratio as a function of ER for various biomasses.

From Figure 5, it is clear that the CH4/H2 molar ratio increases with ER for the various biomasses.
This behavior is explained by the reducing amounts of H2 and the approximately constant amounts
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of CH4 when increasing ER. It is also seen the similar CH4/H2 molar ratios for eucalyptus and olive
bagasse. The reason is the similar ultimate composition of those biomasses, as seen in Table 6. The effect
of ER on CH4/H2 molar ratio is very small since it decreases the H2 molar fraction that is much greater
than the CH4 molar fraction. In turn, CH4 molar fraction remains almost constant with the increase of
ER from 0.2 to 0.4. From the molar fractions obtained in Table 7 and H2/CO molar ratio expressed
by Figure 4, and according to Table 8, it is possible to conclude that, using air as a gasifying agent,
the biomass gasification only provides a syngas with enough quality to be used for energy production
in boilers or turbines. The CH4/H2 molar ratio expressed in Figure 5, and not directly included in
Table 8, is important for domestic purposes [55]. However, the low molar ratios obtained do not
identify those produced gases as good candidates for replacing natural gas in domestic applications.

4. Conclusions

In this work, experimental and modeling analysis of brewers’ spent grains gasification in a
pilot-scale downdraft reactor were performed.

For the experimental part of the work, a pilot-scale integrated gasification power production
system called the Power Pallet of 20 kW was used. The gasification process performance was
assessed through the produced gas yield and composition, lower heating value, carbon conversion
efficiency, and cold gas efficiency. Encouraging results were obtained for all the gasification parameters.
The produced gas yields between 2.05 and 2.20 m3/kg, with composition in between 42.7–46.8 % of
N2, 15.9–16.9% of CO, 15.1–16.3% of CO2, 14.4–16.6% of H2, 2.5–3.5% of CH4, 1.5–2.5% of C2H4, and
0.3% of C2H6. The heating value of the produced gas was found between 5.8 and 6.6 MJ/m3, carbon
conversion efficiency between 85.9 and 87.8%, and cold gas efficiency between 74.6 and 82.5%. It was
also found that the Power Pallet works at low equivalence ratios between 0.20 to 0.23 for the power
outputs of 3–5 kWh. Moreover, about 1 kWh electrical power was achieved for approximately 1.3 kg of
brewers’ spent grains pellets gasified, with an average electrical efficiency of 16.5%. These results are
closely in agreement with the power pallet supplier indicative performances.

For the numerical part of the work, a modified stoichiometric equilibrium model of the downdraft
gasification was developed to assess the potential applications of the main Portuguese biomasses
through produced gas quality indices. The model was validated against the experimental results
obtained in the first part of the paper. The sensitivity analysis of the variation of equivalence ratio
showed an opposite behavior of the H2/CO and CH4/H2 molar ratios for the biomasses under study.
The H2/CO molar ratio decreases with ER, and the CH4/H2 molar ratio decreases with ER. The reason
is the similar ultimate composition of the biomasses under study. The exception is verified for vine
prunings, which present greater H2/CO molar ratios when ER increases. The explanation is on the
distinctive aspect of the vine pruning proximate composition, which shows a greater percentage of
volatiles that is released in the pyrolysis stage generating H2 and CO.

A final conclusion could be drawn that using air as a gasifying agent in the biomass gasification
only provides a produced gas with enough quality to be used for energy production in boilers or
turbines. Even for domestic purposes, it is not a good candidate for replacing natural gas.
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Abstract: The focus of this study is to provide a comparative techno-economic analysis concerning
the deployment of small-scale gasification systems in dealing with various fuels from two countries,
Portugal and Brazil, for electricity generation in a 15 kWe downdraft gasifier. To quantify this,
a mathematical model was implemented and validated against experimental runs gathered from the
downdraft reactor. Further, a spreadsheet economic model was developed combining the net present
value (NPV), internal rate of return (IRR) and the payback period (PBP) over the project’s lifetime
set to 25 years. Cost factors included expenses related to electricity generation, initial investment,
operation and maintenance and fuel costs. Revenues were estimated from the electricity sales to
the grid. A Monte Carlo sensitivity analysis was used to measure the performance of the economic
model and determine the investment risk. The analysis showed an electricity production between
11.6 to 15 kW, with a general system efficiency of approximately 13.5%. The viability of the projects
was predicted for an NPV set between 18.99 to 31.65 k€, an IRR between 16.88 to 20.09% and a PBP
between 8.67 to 12.61 years. The risk assessment yielded favorable investment projections with
greater risk of investment loss in the NPV and the lowest for IRR. Despite the feasibility of the project,
the economic performance proved to be highly reliant on the electricity sales prices subdue of energy
market uncertainties. Also, regardless of the broad benefits delivered by these systems, their viability
is still strikingly influenced by governmental decisions, subsidiary support and favorable electricity
sales prices. Overall, this study highlights the empowering effect of small-scale gasification systems
settled in decentralized communities for electric power generation.

Keywords: biomass gasification; internal combustion engines-generator; small-scale systems; energy
efficiency; techno-economic analysis; Monte Carlo method

1. Introduction

The shortage and unpredictability of conventional energy sources affected by depletion and global
geopolitical issues are causing an energy crisis that is accelerating the renewable energy use [1,2].
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In Portugal, 28.6% of the consumed energy derives from renewable energy sources (RES), with wind
accounting for 7.2%, hydroelectric 7.4%, solar 1.0%, geothermal 0.1%, and, the most preeminent,
bioenergy, representing 12.9% of the total [3]. As for Brazil, the power generation from RES reaches
43.2%, out of which hydroelectric represents 11.9%, bioenergy 25.4% and other renewables combined
(solar, wind and geothermal) 5.9% [4]. In both countries, the power generation from RES is above the
world average, which is approximately 13.5% [5]. However, these RES may not always be available
when required. Biomass products, if properly managed, can be collected and used to produce energy
regardless of environmental conditions. The exploration for energy purposes of different biomass
or their mixtures could increase the generation of energy and contribute to reducing fossil fuels
consumption [6].

One interesting route to convert biomass and solid waste into energy is through gasification
systems. When compared to other technologies such as combustion, gasification provides enhanced
efficiency and environmental performance, meeting the ever-increasing environmental restrictions
imposed by governments and international agencies [6]. Gasification can be best defined as the
conversion of biomass and/or solid waste to syngas by oxidation of the feedstock under fuel-rich
combustion conditions [7].

Syngas’ properties allow it to be burned in standard spark-ignition (SI) and compression ignition
(CI) engines, however, the lower energy density from the syngas/air mixture reduces maximum
brake power significantly [8]. A promising syngas application is its use in internal combustion
engines-generator (ICEG) [9]. The use of such engines presents several advantages over turbines and
steam generators such as bearing a wide range of power ratings, being capable of running on different
fuels, and also the strong know-how concerning its system management and maintenance [9].

The replacement of diesel fuel with syngas is highly beneficial for soot emissions (due in part to
the combined effects of soot formation and oxidation rates inside the cylinder when syngas is present)
and also the power rating of an engine running on syngas/diesel is less affected than in an engine
running on syngas/gasoline, arising high expectations concerning its use [10,11].

Particle and tar concentration in the syngas must be less than 50 mg/Nm3 and 100 mg/Nm3,
respectively, for the satisfactory operation of an ICEG [12]. Under these circumstances, choosing to
operate with a downdraft gasifier seems to be the most fitting solution among available gasification
technologies [9]. This is due to its inherent low particulate and tar content rate which relates to the
internal design of these systems as the tar produced throughout the pyrolysis stage gets thermally
converted into gas during the combustion stage of the gasification process [9].

Several studies have been reported on power generation plants based on downdraft gasification
and ICEG. Mancebo et al. [13], presented an analysis of a cogeneration plant composed of a downdraft
gasifier coupled to an ICEG with a capacity of 15 kWe, using eucalyptus biomass as fuel. The authors
declared an electricity generation efficiency of 12.5% regarding a biomass consumption of 10 kg/h.

Dasappa et al. [14] reported the experimental operation of a 100 kWe gasification power plant
using wood as feedstock. Here, a downdraft reactor was employed with the capacity to process
110 kg/h of woody biomass. The specific biomass consumption was 1.36 kg/kWh and the electricity
generation efficiency of 18%.

Lee et al. [15] performed an experimental evaluation of four biomasses in a generation system
consisting of a downdraft gasifier and an SI engine for electric power generation. Results showed that
the general efficiency of the system varied from 15.8 to 23.0% depending on the biomass used, and the
electric power produced varied between 10.1 and 13.1 kWe.

Elsner et al. [16] presented a downdraft gasification system coupled with an ICEG and a waste
heat recovery system for the gasification of waste sludge. Results indicated that due to the low LHV of
the syngas, it is recommended to mix wood pellets with sewage sludge (40/60%). Economic results
also showed that due to current energy market conditions, it is more appropriate to use the generated
heat and electricity for self-consumption.
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Although downdraft gasification technology is well known and studied, more experimental
studies are still required due to the variability in biomass composition. Experimental tests can be
expensive; therefore, numerical methods such as computational fluid dynamics (CFD) emerge as a very
powerful and useful tool. The literature provides several works concerning the use of CFD approaches
to model gasification process [8,17]. Silva et al. [18], developed a multiphase CFD model able to
predict the syngas composition over different operating conditions, gasifying agents and feedstocks
using a pilot-scale gasifier. Results showed that syngas properties can be tailored depending on the
selected feedstock and operating conditions, and that syngas production can be controlled to minimize
composition oscillations using adequate statistical strategies.

Table 1 summarizes a set of results from experimental studies related to the generation of electricity
from downdraft gasification with different biomasses.

Table 1. Various experimental studies on electricity generation using downdraft gasification.

Authors Year Case Study
Syngas LHV

(MJ/Nm3)
Original

Fuel
Max. Power

(kW)
Efficiency

(%)

Coronado
et al., [19] 2011

Analyzes the gasification in a
wood downdraft and its

integration with a compact
cogeneration system for

applications in rural
communities in Brazil.

5.6 Gasoline;
NG 15 21.4 (Elec.

eff. ICE)

Luz et al.
[20] 2015

Study MSW downdraft
gasification for electricity
generation from ICE and

possible applications in small
municipalities in Brazil.

4.6 Gasoline 97 23 (Elec. eff.)

Raman et al.
[21] 2013

Analyzes the performance of an
ICE fed with syngas generated

in a downdraft gasifier
5.6 NG 73 21

(Overall eff.)

Indrawan
et al. [22] 2017

Study the gasification of
low-density biomass

(Switchgrass), in a downdraft
gasifier modified and the

application of syngas for the
generation of electricity in ICE.

6 to 7 NG 5 21.3
(Elec. eff.)

La Villetta
et al. [23] 2018

The downdraft gasification of
wood chips is analyzed and the

use of syngas to feed the
cogeneration system, consisting

of an ICE and two heat
exchangers with capacity for 20
kW electric and 40 kW thermal.

3.7 Gasoline 20 22.1
(Elec. eff.)

Chang et al.
[24] 2019

Analyzes the joint generation
of electricity and heat from the
downdraft gasification of rice
hulls in the context of Taiwan

3.0 NG 1150 27.9
(Elec. eff.)

NG: Natural Gas.

To the best of our knowledge, there are very few works concerning the numerical simulation
of energy generation systems integrating downdraft gasifier with ICEG. As a matter of fact, studies
related to combined systems may be found in the literature, yet these fail to provide a thorough
analysis concerning the system efficiency or even the most appropriate syngas composition to feed
said system. Thus, studies devoted to gasification-ICEG integrated systems are of utmost importance
for the successful implementation of this technology, promoting it as an auspicious and realistic
solution with applications in solid waste treatment and electrification while contributing to fossil fuels
consumption reduction. Finally, and as one of the main focal points of this work, these systems are
deemed as especially attractive for decentralized small-scale (≤1 MW) electricity generation in rural
and/or remote communities, particularly in developing countries, bearing alternative electric power
solutions to communities where connection to the central grid is economically unfeasible. In fact,
these units provide a window of opportunity for achieving global access to electricity being rapidly
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scalable, environmentally sustainable and tailor-made to local conditions, suiting as key for unlocking a
sustainable future while uplifting the local economy in these locations. Moreover, biomass exploration
provides a helping hand towards wildfire hazards reduction by promoting forest biomass harvesting
and cleaning in over-grown areas [16,25].

In this sense, the purpose of this work is to present a CFD simulation obtaining the syngas
from a 15 kWe downdraft gasification system in dealing with four different fuels, including biomass
and municipal solid waste (MSW), from two countries, Portugal and Brazil, and then feed it into
an ICEG. The simulation results are directly compared and validated against experimental data.
A techno-economic evaluation coupled with a Monte Carlo sensitivity analysis is performed to assess
the feasibility of the units from an economic standpoint. Finally, the influence of biomass characteristics
on the composition of the syngas and the efficiency of the cold gas is studied.

2. Experimental System Description

2.1. Downdraft Gasifier Description

The experimental gasification runs were performed using a Power Pallet 15 kWe gasifier from All
Power Labs (Berkeley, CA, USA), which is a combination of an Imbert style downdraft fixed bed reactor
with an electric power generator and an electronic control unit. A schematic of the unit is depicted
in Figure 1a. The downdraft gasifier (Figure 1b) is composed of a biomass storage hopper, which is
simultaneously designed to dry the feedstock through the recirculation of the hot gases produced
within the reactor. The biomass is supplied from the top while the air moves downwards, being
preheated through contact with the walls of the reactor. Ash collection is carried out in a separate
tank at the bottom of the reactor, while the produced syngas passes through a cyclone to remove fine
particles. The gas is conducted to the biomass hopper for drying and further filtration. Subsequently,
one may collect the gas for analysis or directly inject it into the generator. The condensates resulting
from the process are collected in a filter [26].

Figure 1. (a) Physical diagram of the system, and (b) control volume of the downdraft gasifier.

The reactor vessel is cylindrically shaped, with an internal diameter of 28 cm and a height of
55 cm. Inside, a reduction cone tapers to 20 cm and the heart cone tapers to 7 cm so to increase solid
residence time in the pyrolysis and combustion zones. The gasifier narrows below the flame zone
to restrict the tar content in the syngas by forcing the volatiles to pass through the combustion zone.
In the reduction zone, the diameter expands to 19 cm, followed by 23 cm and 38 cm, respectively.
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Syngas exits through a 21 cm equivalent diameter outlet. The biomass processing capacity is 22 kg/h,
producing 60 m3/h of syngas [27].

2.2. Compact Generation System

The generation system is composed of an ICEG and an electricity generator. The main
characteristics of the generation system are shown in Table 2 [27].

Table 2. Main characteristics of the generation system.

Engine Generator

•Model: GM Vortec 3.0 L •Model: Mecc Alte NPE 32
• 4 strokes • Frequency: 50/60 Hz
• Fuels: Gasoline, LPG, NG • Number of poles: 4
• Compression value: 9.4:1 • 2250 rpm
•Max power: 37 kW • Cos ϕ: 0.8
•Max power torque: 73 Nm • Power: 25 kVA-20 kW
•Max rotation: 3000 rpm • 220 V: 32.8 A

LPG: Liquefied Petroleum Gas; NG: Natural Gas.

The system depicted in Figure 2 is composed of an engine model GM Vortec 3.0 L I-4, coupled to a
generator, model NPE 32 (Mecc Alte, Dry Creek, Australia) capable of producing 20 kW of electric
power [27].

5

63

7

ICEĠ 3
̇ 5

̇ 6

̇ 7

Figure 2. Control volume of the power generation system.

3. Computational Model Set up

3.1. Fuel Characteristics

As the accuracy of the mathematical model relies upon the use of realistic data, biomass and MSW
characterization from both Portugal and Brazil were gathered from experimental studies developed by
Couto et al. [28], Sales et al. [29] and Luz et al. [20]. Table 3 shows the elemental and proximal analysis
for the studied biomasses and MSW from both countries. Throughout this work, MSW * and MSW **
will be used to address MSW coming from Portugal and Brazil, respectively.

151



Energies 2020, 13, 3097

Table 3. Chemical composition of the used fuels.

Portugal Brazil

Acacia Residues MSW * [28] Eucalyptus [29] MSW ** [20]

Elemental Analysis (wt.%, Dry Basis)

C 44.1 48.0 49.0 49.7
H 5.6 6.3 6.3 7.2
N 0.4 1.4 0.2 0.8
S 0.0 0.7 0.1 0.7

O (by difference) 49.9 43.6 44.4 41.6

Proximal Analysis (wt.%, Wet Basis)

Moisture 14.2 17.6 11.3 6.5
Ash 4.0 14.9 0.8 14.3

Volatile matter 49.7 76.6 72.7 74.1
Fixed carbon 32.1 8.5 15.2 5.1
LHV (MJ/kg) 17.0 14.4 18.4 19.6

To determine the syngas composition a mathematical model was built gathering the experimental
data obtained from the downdraft gasifier. From the model results, the H2, CO, CH4, and CO2

concentrations were obtained and the LHV of the syngas was calculated using Equation (1) [29]:

LHVSyngas = 12696·(CO) + 10768 ·(H2) + 35866·(CH4) (1)

3.2. Mathematical Model

The computational geometry domain refers to a 2-D downdraft reactor with an internal diameter
of 28 cm and a height of 55 cm. The initial ignition of the reactor was carried out with charcoal and
then the biomass pellets were introduced, sizing 0.5 cm thick, 1 to 2 cm wide and 2 to 2.5 cm long.
The obtained syngas travels between the internal and external walls of the gasifier before entering
the cyclone filter to remove particles and then through the full-packed bed filter to eliminate tars.
Simulations were performed using a time step size of 0.001 s, for a total number of 50,000 time steps
(50 s).

The implemented 2-D Eulerian-Eulerian mathematical model was firstly developed by
Silva et al. [30]. Complex phenomena regarding the gasification process for the downdraft reactor
were simulated by means of a multiphase (gas and solid) model within the ANSYS Fluent database.
The gas-phase was considered as a continuum and solid phase was modeled following a Eulerian
granular model. Interactions between phases were modeled as well, with both phases exchanging heat
by convection, momentum (due to drag between phases), and mass (given the heterogeneous chemical
reactions). To appropriately describe the hydrodynamic phenomena within the fluidized bed reactor
the standard k-ε turbulence model is applied. The heat transfer between the solid and gas phases,
the viscous dissipation, and the expansion work is described by the energy conservation equation.
Table 4 summarizes the main governing equations for both gas and solid phase and the hydrodynamic
model. The energy conservation equation describes the heat exchange between gas and solid phases,
the viscous dissipation, and the expansion work of the void fraction. The equation for the gas and solid

phases is shown in Table 4, in which
→
Qpq is the heat transfer intensity, hq the specific enthalpy of phase,

→
q q the heat flux, Sq the source term and hpq the enthalpy of the interface. For the mass balance model
the gas and solid phases continuity equations are provided, the α is the volume fraction, ρ density,
vg velocity and Sgs is defined as the source term (Table 4). The momentum equations for both phases
consider the gas stress tensor τg, gravity g, the gas-solid interface drag coefficient β, and the solid
mean velocity Us (Table 4). The granular Eulerian model treats the continuous fluid (primary phase)
as well as dispersed solids (secondary phase) as interpenetrating continua. Stresses in the granular
solid phase are obtained by analogy between the random particles motion and the thermal motion of
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molecules within a gas accounting for the inelasticity of solid particles. The kinetic energy associated
with velocity fluctuations is described by granular temperature which is proportional to the norm
of particle velocity fluctuations. In the conservation equation for the granular temperature the γΘa

is the collisional dissipation rate of granular energy,
→
v s the diffusive flux of granular energy, ϕ1s the

granular energy exchange between the gas and solid phase, and kΘa is the diffusion coefficient (Table 4).
Since the present model has already been extensively documented in recent literature published by
the research group, only key points will be highlighted. Further details on the model can be found
elsewhere [30].

Table 4. Conservation equations and hydrodynamic model for both gas and solid phases.

Conservation Equations

Energy (gas phase):
∂(αqρqhq)

∂t + ∇(αqρq
→
v qhq) = −αq

∂(pq)

∂t + τq : ∇→v q −∇→q q + Sq +
∑n

p=1 (
→
Qpq +

.
mpqhpq)

Mass (gas phase):
∂(αgρg)

∂t + ∇·(αgρgvg) = Sgs; Sgs = −Sgs = Mc
∑
γcRc

Momentum (gas phase):
∂(αgρgvg)

∂t + ∇·(αgρgvgvg) = −αg∇pg + αρgg + β(vg − vs) + ∇·αgτg + SgsUs

Energy (solid phase):
∂(αpρphp)

∂t + ∇(αpρp
→
v php) = −αp

∂(pq)

∂t + τp : ∇→v p −∇→q p + Sp +
∑n

p=1 (
→
Qpq +

.
mpqhpq)

Mass (solid phase):
∂(αsρs)
∂t + ∇·(αsρsvs) = Ssg; Ssg = −Ssg = Mc

∑
γcRc

Momentum (solid phase):
∂(αsρsvs)
∂t + ∇·(αsρsvsvs) = −αs∇ps + αρsg + β(vg − vs) + ∇·αsτs + SsgUs

Hydrodynamic model

Kinetic energy:
∂
∂t (ρk) + ∂

∂xi
·(ρkui) =

∂
∂xj

[
(μ+

μt
σε
)
]
+ Gk + Gb − ρε−YM + Sk

Dissipation rate:
∂
∂t (ρε) +

∂
∂xi
·(ρεui) =

∂
∂xj

[
(μ+

μt
σε
) ∂ε∂xj

]
+ C1ε

ε
k (Gk + G3εGb) −C2ερ

ε2

k + Sε

Granular Eulerian model:
3
2

[
(
∂(ρsαsΘs)
∂t + ∇·(ρsαs

→
v sΘs))

]
= (−PsI + τs) : ∇(→v s) + ∇·(kΘa∇(Θs)) − γΘa + ϕ1s

3.3. Chemical Reactions Model

In the chemical reaction model, the kinetic/diffusion surface reaction model portrays the
heterogeneous reactions, and the finite-rate/eddy-dissipation model is used to describe the
homogeneous gas-phase reactions. The gasification of biomass and MSW involves several fundamental
processes. First, volatile components, such as light gases and tar are released by pyrolysis. These species
undergo homogeneous gas-phase reactions forming CO, CO2, H2 and H2O which then combust and
gasify the char. Table 5 provides the devolatilization model, main chemical reactions and reaction rates
coefficients (based on the Arrhenius law) in the chemical model. Additional information regarding the
model can be found elsewhere [30].
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Table 5. Implemented chemical reactions model.

Type. Chemical Reactions and Arrhenius Rate

Pyrolysis Cellulose
r1→ α1volatiles + α2TAR + α3char; r1 = Atexp

(−Ei
TS

)
(1− ai)

n

Hemicellulose
r2→ α4volatiles + α5TAR + α6char; r2 = Atexp

(−Ei
TS

)
(1− ai)

n

Lignin
r3→ α7volatiles + α8TAR + α9char; r3 = Atexp

(−Ei
TS

)
(1− ai)

n

Plastics
r4→ α10volatiles + α11TAR + α12char; r4 =

[∑n
i=1 Aiexp

(−Ei
RT

)]
ρν

PrimaryTAR
r5→ volatiles + SecondaryTAR; r5 = 9.55 × 104exp

(
−1.12×104

Tg

)
ρTAR1

Homogeneous
reactions

CO + 0.5O2
r6→ CO2; r6 = 1.0× 1015exp

(−16000
T

)
CCOC0.5

O2

CO + H2O
r7↔ CO2 + H2; r7 = 2780exp

(−1510
T

)[
CCOCH2O − CCO2 CH2

0.0265exp( 3968
T )

]

CO + 3H2
r8↔ CH4 + H2O; r8 = 3.0× 105 exp

(−15042
T

)
CH2OCCH4

H2 + 0.5O2
r9→ H2O; r9 = 5.159× 1015 exp

(−3430
T

)
T−1.5CO2 C1.5

H2

CH4 + 2O2
r10→ CO2 + 2H2O; r10 = 3.552× 1014 exp

(−15700
T

)
T−1CO2 CCH4

Heterogeneous
reactions

C + 0.5O2
r11→ CO; r11 = 596TPexp

(−1800
T

)

C + CO2
r12→ 2CO; r12 = 2082.7exp

(−18036
T

)
C + H2O

r13→ CO + H2; r13 = 63.3exp
(−14051

T

)

This model weights the effect of the Arrhenius rate and the diffusion rate of the oxidant at the
surface particle. The diffusion rate coefficient is defined as follows:

D0 = C1

[(
Tp + T∞

)
÷ 2

]0.75

dp
(2)

The final reaction rate is defined by:

dmp

dt
= −Ap

ρRT∞Z0X

Mw,0X

D0rArrhenius
D0 + rArrhenius

(3)

4. Energy Analysis

In order to analyze the production of electricity from the selected substrates and to evaluate
the efficiency of the process, an energy balance was developed to describe the gasification system
in conjunction with the ICEG. Based on the principle of conservation of energy, the first law of
thermodynamics, the energy balance can be written in a general form as follows:

.
Q +

∑ .
min

⎛⎜⎜⎜⎜⎝hin +
V2

in
2

+ gZin

⎞⎟⎟⎟⎟⎠ = .
W +

∑ .
mout

⎛⎜⎜⎜⎜⎝hout +
V2

out
2

+ gZout

⎞⎟⎟⎟⎟⎠ (4)

To simplify the analysis, a series of assumptions were followed. In the system described, the
energy balance can be written as:

.
Q +

∑ .
min·hin =

.
W +

∑ .
mout·hout (5)
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where
.

Q is the heat rate,
.

W the work rate and h the specific enthalpy. At this point, the gasification
system and the ICEG will be evaluated separately. For the gasification system, the energy balance is
described in the following equations:

.
QFuel +

.
Qheat =

.
Qsyngas +

.
Qtar +

.
Qsystem (6)

The fuel’s energy input can be calculated as:

.
QFuel =

.
mFuel·LHVFuel (7)

where LHV is the lower heating value and
.

mFuel is the mass flow rate for fuel (biomass and MSW). As
long as there is no condensation occurring the power of the supplied air can be given by:

.
Qair =

.
mair

j∑
1

wjCpj(T − T0) (8)

where wj is the mass fraction and Cpj the specific heat of a component, (T − T0) represents the preheat
gas temperature and ambient temperature, respectively. To calculate the energy associated with the
syngas (

.
Qsyngas) and tar (

.
Qtar), the following equations are used:

.
Qsyngas =

.
msyngas·LHVsyngas (9)

.
Qtar =

.
mtar·LHVtar (10)

To calculate the energy efficiency of the cold gas, the useful output energy is divided between the
energy from the input to the system, as follows:

ηcoldgas =

.
Qsyngas

.
QFuel +

.
Qair

(11)

The energy balance for the ICEG is configured as follows. The energy of the syngas that enters the
ICEG is calculated by the Equation (12), shown below. The complete combustion of syngas depends on
chemical composition. The general equation for the complete combustion of syngas with the theoretical
amount of air required is given by:

CXHYNZ + a(O2 + 3.76N2) = bCO2 + cH2O + dO2 + eN2 (12)

The values of the unknown coefficients a, b, c, d, and e, in the above equation, can be determined
by applying the principle of conservation of mass to each element that constitutes the syngas [8].

The total heat loss in the ICEG is calculated by:

.
QlossICE =

.
QSyngas −

.
WICEG (13)

The thermal efficiency of the ICEG is generally determined as the ratio of the power output
between the incoming fuel energy, as given by:

ηICE =

.
WICEG
.

QSyngas

(14)

The overall system efficiency is determined by:
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ηoverall =

.
WICEG

.
Q f uel

(15)

5. Techno-Economic Analysis

Methodology

The economic analysis of biomass gasification is important and necessary to determine the cost of
energy production and ensure the viability of the project. As an effort to bring this analysis closer to a
real application scenario the present study was built based on literature review related with gasification
investment projects [20,25]. The proposed 15 kW downdraft gasifying units coupled with an ICEG
are set for deployment within a Portuguese and Brazilian decentralized community settled in a rural
scheme. The small-scale units are set to be lodged within the community located near forest and
agriculture landing for higher biomass availability with impact on transport costs and profitability of
the supply operation. In Portugal, acacia is an invasive plant and estimates say that it occupies an
area of approximately 43 thousand hectares, whereas in Brazil eucalyptus plantations reach around
7 million hectares [31,32]. An MSW supply chain is also considered arriving from surrounding urban
areas and from the community itself. This supply chain profits from the already existing solid residues
collection network to the urban areas and local communities. In Portugal, the average production
rate of MSW is 1.32 kg per capita per day, making approximately 13.58 thousand tons of MSW per
day, while in Brazil the average generation of MSW per capita is 1.15 kg of MSW per capita per day,
approximately 234 thousand tons of MSW per day [20,33]. A near existing power line is assumed to
connect the unit to the grid. The unit operation is assumed to be monitored by local workers already
performing other tasks within the community, thus neither units require fully dedicated labor allowing
to save on employees’ costs [34]. For the economic evaluation, the main input financial data regulated
in each country, Portugal and Brazil, such as input, capital and operating costs, alongside other key
financial assumptions are provided in Table 6. For uniformity purposes, all costs were converted to
euros (€).

Table 6. Main economic assumptions for the Portuguese and Brazilian proposed systems.

Item Value Remarks Ref.

IGasifier (€/kW) 2500 Costs related to the acquisition of the downdraft biomass gasifier,
gas cleaning and conditioning system. Applied to both systems. [27]

IICEG (€/kW) 500 Costs related to the acquisition of the internal combustion engine
and electric generator. Applied to both systems. [27]

CElectricity Portugal
(€/kWh) 0.12 Electricity sales price practiced in Portugal. [35]

CElectricity Brazil (€/kWh) 0.14 Electricity sales price practiced in Brazil. [36]

CO&M (%) 10
Operation and maintenance (O & M) costs refer to 10% of the total
investment, applied accordingly to both systems. Includes salaries,
electricity, water, ash removal and equipment maintenance costs.

[27]

CAcacia (€/t) 35 Acacia acquisition costs for Portugal include transportation and
conditioning (drying and splintering). [25]

CMSW* (€/t) 23 MSW acquisition costs for Portugal. [37]

CEucalyptus (€/t) 33 Eucalyptus acquisition costs for Brazil include transportation and
conditioning (drying and splintering). [31]

CMSW** (€/t) 25 MSW acquisition costs for Brazil. [20]
i (%) 12 Average discount rate considered per year. Applied to both systems. [20]

Taxation (%) 15 Performance tax for small and medium-sized companies in
mainland Portugal [38]

17 Performance tax for small and medium-sized companies in Brazil [39]

The analysis of costs and income of cash flow before taxes (CFBT) considers, an initial investment
period related to the phase of acquisition and assembly of the gasification system, as well as, the period
of debt amortization and the costs related to the operation and maintenance (O & M). Revenues incur
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in electricity sales to the national grid. CFBT is calculated by balancing revenues and expenses while
further applying the discount rate, as shown in Equation (16) [40]:

CFBT =
(∑

Revenues−
∑

Expenses
)
/(1 + i)t (16)

Cash flows after taxes (CFAT), is one of the most useful liquidity measures to assess the financial
health of a company since it considers the effect of the tax burden on the obtained profits. It also allows
calculating the economic viability of the future investment while measuring the profitability or growth
of an investment. CFAT is determined by the following equation, which relates CFBT minus taxation
(Tax) [41]:

CFAT = CFBT − Tax (17)

Tax = TXI·TXR (18)

TXI = CFBT − (DEP·Inv.) (19)

where, TXI represent the taxable income, TXR is the tax rate, Inv. is the initial investment, and DEP the
depreciation, which is the amount that tax authorities allow to deduct from taxes. The depreciation of
assets varies considerably from one country to another, in Portugal, a rate of 8.3% is considered for
power generation companies [42], while in Brazil this rate is 10% [43].

In the case of Portugal, the calculation of taxes on profits and the fiscal incentives granted by the
government for certain regions in the interior of the country were considered, coinciding with the
area foreseen for the installation of this type of technology. Therefore, for the Portuguese scenario,
a reduced tax rate of 15% was considered. As for Brazil, the tax burden is one of the highest in the
world, over 32% [44], still, companies that generate energy from renewable sources (biomass included)
benefit from a series of government tax incentives that reduce these charges up to 17% [39].

Cash flows after taxes along the project lifetime are applied to a spreadsheet-based economic
model developed to calculate the net present value (NPV), internal rate of return (IRR) and the payback
period (PBP).

The economic feasibility of the gasification system integrated with the ICEG is evaluated
considering four distinct scenarios through the combination of three methods, NPV, IRR and PBP.
According to Cardoso et al. [25], each of these methods carries its strengths and limitations. For example,
NPV allows maintaining a good cash flow record, yet, a small increase or decrease in the discount rates
significantly affects the results. On the contrary, IRR despite providing a simpler approach evaluates
every investment by delivering merely one single discount rate. Regarding PBP, it presents an easily
perceptible and direct analysis when calculating the amount of time required to recover from the
investment, yet, it does not consider the financing and the risks associated with the venture. Beyond
the weaknesses concerning each method, there is no doubt that each one fulfills a specific purpose
in the economic analysis. Hence, in this study one provides an approach that allows evaluating
the viability of the system by combining these three methods, further strengthening the economic
model towards improved decision making. Additional details on the economic model formulation are
provided in [25].

6. Results and Discussion

6.1. Experimental Runs and Model Validation

In order to validate the model a set of experimental data gathered from the 15 kWe downdraft
gasifier was used for comparison. For validation purposes, as the research group already validated
the here employed model in dealing with eucalyptus and MSW gasification in previously published
works [8,45], and given the chemical similarity between Eucalyptus and MSW from both countries
(Portugal and Brazil), it is then feasible to consider that the model proved to be sufficiently robust
in dealing with these feedstocks. Therefore, in this work, only experimental gasification runs were
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performed for acacia residues to validate the model performance in dealing with this specific feedstock.
In this sense, Table 7 shows the operating conditions for three experimental runs in which acacia
residues were used as feedstock, while Figure 3 depicts the molar fraction as a function of gasification
temperature for acacia.

Table 7. Experimental operating conditions and syngas analysis.

Experimental Conditions Acacia Residues

Run 1 2 3
Temperature (◦C) 750 810 850

Biomass mass flow rate (kg/h) 15.8 15.8 11.5
Air flow rate (Nm3/h) 18.0 18.0 28.0

Moisture (%) 14.2 14.2 14.2

Figure 3. Molar fraction as a function of gasification temperature for the acacia residues.

Figure 4 compares the experimental and numerical syngas composition attained from the
gasification runs of acacia residues. One can verify that the numerical results provide a good agreement
with the results obtained from the experimental process carried out in the downdraft gasifier in dealing
with the acacia residues. Considering all the simulations (for the four fuels), the maximum error
obtained was inferior to 20%. This is a reasonable margin of error for such a complex system as
biomass gasification. The differences between the model and the experimental results are due to some
simplifying assumptions used in our model and to differences in the biomass fuel composition [46].

The numerical model successfully describes the syngas composition changes depending on the
different operating conditions. In Figure 4a,b, the increase in the gasification temperature promote the
formation of syngas with higher H2 and CO content, as indicated by the experimental data. Both H2

and CO appear to increase to asymptotic values. On the other hand, Figure 4c,d, show that the contents
of CH4 and CO2 follow the opposite trend. CH4 decreases as a function of temperature as the methane
reaction is exothermic. These results are in close agreement with the literature [46]. According to Le
Chatelier’s principle, higher temperatures favor products in endothermic reactions. Therefore, the
endothermic reaction in Table 5 (r13) was strengthened leading to an increase in the hydrogen content.
A more detailed explanation of the model used in this work can be found elsewhere [30,46].

Finally, in this work, only three experimental runs were considered, once the numerical
model applied has already been thoroughly validated concerning the syngas compositions attained
from various reactors, multiple gasification agents and feedstocks at various operating conditions,
strengthening the accurate predictability of the numerical model in a broad range of applications [28,47].
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Figure 4. Experimental and numerical syngas composition deviations for acacia residues for the gas
species: (a) H2, (b) CO, (c) CH4 and (d) CO2.

6.2. Energy Analysis Results

To investigate the distribution of the energy flows of each stream in the gasification system-ICEG,
the energy analysis was performed by the first law of thermodynamics. Table 8 shows the mass and
energy balance for the analyzed feedstocks. The mass balance allows calculating the mass flow of
the syngas and engine exhaust gases, as well as the air flows for the gasification process and syngas
combustion. Biomass fuel consumption is assumed constant considering the nominal capacity of the
gasification system, around 22 kg/h. Given the downdraft gasifier’s hopper capacity, around 60 kg,
the fuel residence time is about 3 h, depending on the used feedstock density and the air/ratio gas
(equivalence ratio, ER).

Table 8. Main results of the technical analysis.

Acacia MSW *

Pts
.

m (kg/h) P (kPa) T (◦C) E (kW) Pts
.

m (kg/h) P (kPa) T (◦C) E (kW)

1 22.0 101.3 25.0 103.9 1 22.0 101.3 25.0 88.0
2 59.4 101.3 25.0 - 2 48.1 101.3 25.0 -
3 81.4 101.3 25.0 59.1 3 70.1 101.3 25.0 64.2
4 0.01 101.3 25.0 - 4 0.03 101.3 25.0 -
5 440.1 101.3 25.0 - 5 428.3 101.3 25.0 -
6 - - - 10.64 6 - - - 11.6
7 521.48 101.3 450.0 63.1 7 493.0 101.3 450.0 52.6

Eucalyptus MSW **

Pts
.

m (kg/h) P (kPa) T (◦C) E (kW) Pts
.

m (kg/h) P (kPa) T (◦C) E (kW)

1 21.8 101.3 25.0 111.5 1 20.4 101.3 25.0 111.1
2 41.2 101.3 25.0 - 2 64.8 101.3 25.0 -
3 63.0 101.3 25.0 83.3 3 85.2 101.3 25.0 83.3
4 0.02 101.3 25.0 - 4 0.03 101.3 25.0 -
5 483.7 101.3 25.0 - 5 435.4 101.3 25.0 -
6 - - - 15.0 6 - - - 15.0
7 546.7 101.3 450.0 68.3 7 520.6 101.3 450.0 68.3
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The calculated values of the energy analysis for the downdraft-ICEG system given by the first
law of thermodynamics are as follows. The power supplied by the biomass varies from 88 to 112 kW
depending on the LHV of the fuel, the cooling efficiency of the gasifier varies from 73 to 75%, the power
supplied by the syngas ranges from 64.2 to 83 kW. The electricity generated ranges between 11.6 and
15 kW, with an overall system efficiency of approximately 13.5%, as shown in Figure 5. It can be seen
that the value of the overall efficiency of the system is in range with the values reported in the literature,
approximately 14% [13,23].

Figure 5. Overall efficiency for the four fuels considered.

Figure 6 shows the Sankey diagram of the energy flows for the proposed unit which includes
the flow for the downdraft gasification system and the flow for the ICEG. The energy rates of each
current vary accordingly to the LHV of the used fuel. The fuel processing capacity of the gasification
system is limited to 22 kg/h, so fuels with lower LHV (acacia and MSW *) generate less energy.
The energy contained in the fuel (biomass and MSW) is converted into physical and chemical energy
of the syngas during the gasification process, thermal energy and solid waste become the main loss
sources during this stage of the process, representing 26% for the acacia (Figure 6a), 27% for the MSW
* (Figure 6b), 25.3% for the eucalyptus (Figure 6c) and 25% for MSW ** (Figure 6d). The syngas is
combusted in an ICEG to generate electricity, the energy losses at this stage are the largest of the system,
representing 60.7% for the acacia, 59.9% for the MSW *, 61.3% for the eucalyptus and 61.5% for MSW
**. These losses are given mainly to the heat energy loss by the exhaust gases and the ICEG system.
The overall efficiency of the system is approximately 14%. One possible route to reduce these losses is
by implementing a cogeneration system that, in addition to producing electricity, will generate hot and
cold water increasing the total efficiency of the system.

Figure 7 shows the fuel feeding rate effect in the overall efficiency of the downdraft-ICEG system
for each one of the studied fuels. One can see that the overall efficiency ranges from 12.1 to 13.6%,
setting the optimal values range for the fuel supply. The fuel feed value in the gasifier is approximately
22 kg/h, producing between 60 to 70 m3/h of syngas depending on the fuel.

The calculations made in this study show that it is technically and energetically possible to produce
electrical energy through employing a downdraft gasifier in dealing with different fuels (biomass and
MSW) so to produce syngas to feed an ICEG. However, syngas usage leads to engine power losses
that can vary between 20 and 55% mainly in engines that were originally designed to operate with
gasoline or natural gas [22]. These output engine power losses relate with the syngas LHV, the amount
of combustible mixture supplied to the cylinder, and the number of combustion strokes in each time
(number of revolutions per minute, rpm). For comparison purposes, Table 9 summarizes several
studies also performed with downdraft gasifiers coupled with ICEG using 100% syngas.
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Figure 6. Sankey diagram of the gasification system-ICEG for: (a) acacia, (b) MSW *, (c) eucalyptus
and (d) MSW **.

Figure 7. Effect of fuel feeding rate on the downdraft-ICEG system overall efficiency.

Downdraft-ICEG gasification systems can be applied to meet the energy needs of small
communities or households, especially in difficult-to-reach rural settings. For instance, in Brazil,
there are around 1 million residences without proper access to electricity, residences in which grid
extension is unfeasible due to their limited access and low demand [4]. Thus, a viable route to
electrify these residences is by implementing renewable energy solutions such as solar photovoltaics,
small-hydroelectric, wind and small-scale gasification units. Among these solutions, downdraft-ICEG
gasification systems are a feasible option for the Brazilian context as these residences are located in
decentralized areas, of a rural or mountainous kind, where agriculture is a primary activity hence
biomass availability is of no concern. Moreover, some of these communities dispose of easy access to
MSW, either arriving from the community itself or even from surrounding urban areas, that when
properly conditioned can be used to fuel the gasifying systems allowing the treatment and valorization
of the organic fraction of this unsought product while maintaining a stable feedstock supply [13,25].
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Regarding Portugal, most of the forest biomass availability is located mainly in the country’s central
region, out of which nearly 97.5% of the woodlands belong to private owners or local communities [33].
In 2017, deadly wildfires flared across central and north of Portugal, calling for an articulated set
of actions promoting active forest management focusing on increasing the value of forest products
through the use of biomass for energy purposes [25].

Thus, in this follow-up, the implementation of small power generation systems, such as the one
analyzed in this study, suits as a viable option for the valorization of local forest biomass residues for
decentralized communities, while preventing wildfire hazard and maintaining a biomass-to-energy
strategy and policy measures impacting forest products trade. Again, acknowledging the gasification
with local MSW stands as a clever strategy to increase the unit’s production efficiency aiding towards
achieving the energy independence of these remote communities.

6.3. Economic Model Results

The economic analysis provides the financial viability of an investment project throughout its
lifetime. Figure 8 illustrates the initial outlay for the 15 kWe downdraft gasifier-ICEG project, set
around 45,000 € for a lifetime of 25 years, jointly with the calculated cash flows, total annual outflows
and inflows. During the investment period (year 0), the expenses required to initiate the project are
thought-through. For year 1, the project’s cash flow increases to positive status due to electricity sales
income as the plant starts generating electric power. It is assumed that starting this year the plant will
generate approximately 36,000 kWh/year for the rest of the project’s lifetime, achieving an average
profit rate of 10,500 €/year. In addition to the initial investment (only reflected in year 0), outflows
result from expenses related to fuel purchase (biomass or MSW) and O&M costs. Expenses related to
fuel represent approximately 85% of the total expenses of the plant. Revenues show a positive flow
over the years, emphasizing the importance of the electricity sales price and reimbursements to the
projects’ viability. The project installation will be completely debt-free in 9.20 years for the acacia
option (as seen in Figure 8a), 12.61 years for the MSW * (Figure 8b), 9.38 years for the eucalyptus option
(Figure 8c) and 8.67 years for MSW ** (Figure 8d). These assumptions go hand in hand with the PBP
calculations, as explained below. The present project cash flows distribution results are in accordance
with the assumptions and recommendations found in the literature [25,49]

Figure 8. Cont.
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Figure 8. Cash flows concerning the various gasification projects depicting the annualized costs and
revenues throughout the plant’s lifetime for Portugal with (a) acacia and (b) MSW *, and Brazil with (c)
eucalyptus and (d) MSW **.

After calculating the cash flows, one must determine if the project is economically acceptable.
Figure 9 provides the economic evaluation results for the NPV, IRR and PBP calculations. The NPV
is calculated concerning a discount rate of 12%, which will determine whether the project is to be
accepted or not. For higher discount rates the NPV value decreases, while for lower discount rates the
NPV value increases, showing that the NPV behavior is inversely proportional to the discount rate.
Results show that the NPV for the downdraft-ICEG system project dealing with acacia is of 29.32 k€
(Figure 9a), 18.99 k€ for MSW * (Figure 9b), 28.45 k€ for eucalyptus (Figure 9c) and 31.65 k€ for MSW **
(Figure 9d). The IRR rate is 19.34% for acacia, 16.88% for MSW *, 19.28% for eucalyptus and 20.09% for
MSW **. Please note that the IRR is calculated concerning the CFAT results and not on the CFBT results.
Lastly, the PBP varies from 8.67 to 12.61 years according to the fuels considered. A closer look at the
results shows that the investment projects set for deployment in Brazil deliver enhanced economic
performances showing increased feasibility. Such behavior is due mainly to the higher electricity sales
price practiced in Brazil as the projects’ revenues arrive from electricity sales to the national grid.

The financial indicator results obtained for the energy generation system projects are consistent
with the current literature [13,20]. According to the World Bank Group, typical benchmarks for key
financial parameters in biomass projects indicate that the NPV should be a positive value, the IRR
should be higher than 10% and the PBP less than 10 years [49]. Bearing in mind these considerations,
the projects here purposed may indeed be considered economically feasible. However, despite its
apparent viability, one must go beyond these numbers and assess how economically attractive the
venture may be to most investors and which are the main risks associated with it. In this sense, a
sensitivity analysis must be performed so to determine which variables are the most critical to the
project’s success.
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Figure 9. Financial indicators overview throughout the gasification power plant lifetime for (a) acacia,
(b) MSW *, (c) eucalyptus and (d) MSW **.

7. Sensitivity Analysis

7.1. Monte Carlo Simulation

The sensitivity analysis evaluates the risk impact by varying each parameter while all other
variables remain constant. This approach will enable changes in the results of the economic analysis,
indicating the importance of specific risk parameters while assessing its influence on the system’s
performance [49]. The risk analysis was evaluated by means of the Monte Carlo method implemented
within the economic model spreadsheet. A Monte Carlo method was employed for a total of
10,000 iterations following a triangular distribution considering a lower, upper and reference value.
The sensitivity analysis moves in a range of ±30% over the reference value of the selected input
variables. The input variables considered as the most influential in the project results are the initial
investment, discount rate, electricity sales price, O & M and fuel costs. The input variables chosen
coincide with those indicated as the most critical in the literature [25,49].

7.2. Sensitivity Analysis Results and Discussion

Figure 10a–d show the values for the NPV probability distribution for the four analyzed fuels
respecting each system settled in both Portugal and Brazil. The mean distribution values, given by the
‘Mean’ vertical line in the NPV probability distributions figures, are very close to the average values
previously calculated in the economic analysis. This closeness supports the validity of the simulations.
The low standard deviation (referred to as St. dev.) indicates that the expected values within the
distribution are close to the mean. In this sense, the higher the standard deviation is, the greater the
investment risk will be. The highest standard deviation values are presented for acacia σ = 15.62 k€
(Figure 10a), eucalyptus σ = 15.18 k€ (Figure 10c) and MSW ** σ = 15.07 k€ (Figure 10d), and the lowest
value for MSW * σ = 14.48 k€ (Figure 10b). Therefore, a higher probability of investment risk loss in
the NPV is more likely to occur for the acacia, followed by eucalyptus and MSW **, and finally, MSW *
which gathers the lowest risk of investment loss. Describing the NPV projection, the probability of
attaining a negative NPV is given by the probability density area at the left of zero, for acacia and MSW
* these are placed around 1.82% and 7.52%, respectively, while for eucalyptus and MSW ** these are set
around 1.53% and 0.66%. This means that there is a rather low probability of reaching a negative NPV.
Whereas the probability of this investment exceeding an NPV of 50 k€ is approximately 10.56% for
acacia, 2.90% for MSW *, 9.65% for eucalyptus and 12.59% for MSW **.
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Figure 10. Probability distributions for NPV: (a) Acacia, (b) MSW *, (c) Eucalyptus and (d) MSW **.

In general, the NPV showed wider distribution over its mean value resulting in the highest
standard deviation values as compared to IRR and PBP. Higher standard deviation values mean that
higher investment loss is more likely to occur in the NPV. Therefore, for the sake of simplicity, instead
of providing individual figures for all the studied fuels for both IRR and PBP, Table 10 is provided
summarizing the mean and standard deviations values for the IRR and PBP probability distributions.
In contrast to the NPV, both IRR and PBP carry lower standard deviation values of about 0.03% for
IRR and between 3.21 to 5.52% for PBP, indicating that all their expected values tend to be very close
to the mean, signifying that the lowest investment risk failure comes associated with these financial
indicators, especially with the IRR, delivering the lowest values.

Table 10. IRR and PBP probability distributions for the four studied fuels.

Fuel
IRR PBP

Mean (%) St. dev (%) Mean (Years) St. dev. (Years)

Acacia 19.31 0.03 10.35 3.90
MSW * 17.05 0.03 13.95 5.52

Eucalyptus 19.46 0.03 10.23 5.30
MSW ** 20.32 0.03 9.37 3.21

From all the financial indicators studied, NPV is the highest risk facing indicator as it presents the
highest standard deviations. Hence, one will focus on discussing how the uncertainty of the input
variables considered affects the NPV for each fuel. Figure 11 shows the impact of each input variable
on the NPV and its sensitivity range. Results show that the impact changes on NPV are identical
in the systems settled in Portugal and Brazil, as the profitability of the projects is highly sensitive
to the electricity sales price and discount rate for all analyzed fuels. The next most striking input
variables are mainly the initial investment, followed by O & M costs and fuel costs (as generally the
least affecting). The electricity sale price and discount rate show a considerable impact change on the
NPV as compared to the remaining input variables.
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Figure 11. Sensitivity range to input variables for NPV for the different fuels: (a) acacia, (b) MSW *,
(c) eucalyptus and (d) MSW **.

Out of all variables considered, the electricity sales price can considerably hamper the economic
viability of the project, when considering an unfavorable scenario, the NPV can reach low values for the
MSW * 2.48 k€ (Figure 11b). On the other hand, it can also considerably increase the income of the project
into the most favorable scenario with acacia attaining 49.03 k€, MSW * 36.84 k€, eucalyptus 47.44 k€,
and MSW ** 50.78 k€. The electricity sales price is a variable of extreme importance significantly
affecting the viability of the projects as it is a rather uncertain parameter due to the energy market
price fluctuations and subsidies, both highly dependent upon political decisions. The discount rate is
the second variable with the greatest impact on the NPV, such is true given to the high impact in the
NPV discounted cash flow calculations. As for the initial investment, it can be an impactful variable
since it greatly influences the calculation of the NPV given the high initial cash flow of the project.
Following, the O & M variable carries slither impact risk. This variable heights-in all costs necessary to
maintain the system fully operational. Finally, and even in the most worsening scenario, the fuel cost
is the variable that usually least affects the NPV. Ultimately, despite not being directly accounted for
in the sensitivity analysis, in a real scenario, and according to the energy results, the increased LHV
attributed to the Brazilian feedstocks would assist both the economic feasibility and risk assessment, in
the long run, by allowing increased system performance.

Unsurprisingly, and even despite the narrow difference, the results of the economic analysis
show that the costs of energy generation based on biomass gasification systems do vary accordingly
with the country’s economic scenario, as regulated expenses, revenues and fuel composition vary
widely from one country to the other. To compare the results here attained with the ones found in the
literature, Table 11 provides a record of economic analysis results from several previous works set in
different countries employing power generation systems similar to the one set in this study. Indeed,
the economic analysis results are in accordance with a range of values present in the literature under
similar circumstances.
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Table 11. Record of downdraft gasifiers’ economic analysis results found in the literature suiting as
means to of comparison for this work.

Fuel Power (kW)
Discount Rate

(%)
NPV
(k€)

IRR
(%)

PBP
(Years)

Ref.

Acacia
MSW *

Eucalyptus
MSW **

13.8
11.6
15.0
15.0

12

35.25
18.89
28.45
31.65

19.34
16.88
19.28
20.09

9.20
12.61
9.38
8.67

Present
study

Olive tree pruning 70 N/A 302 N/A 5 [50]
Eucalyptus 10 12 N/A N/A 5 [13]

Pellet 48 7 81 10.2 8 [16]
Agricultural Residues 1000 N/A 3250 18.1 7.8 [51]

N/A: Not available.

8. Considerations on Small-Scale Biomass Gasification vs. Conventional Diesel Solutions

Contextually, small-scale biomass gasification-ICEG systems granted a good fit for both Portuguese
and Brazilian energy policies when applied to electric power generation in decentralized areas,
particularly when settled in small municipalities of rural kind aiding to reduce the energy dependence
from external sources.

So far, small-scale decentralized electrification solutions addressed to decentralized communities
have been dominated by conventional diesel generators [52]. The world’s growing demand for
cleaner energy calls however for an urgent and sustainable low-carbon expansion in the power sector.
As known, fossil fuel-driven engines emit NOx, CO, unburned hydrocarbons and particulate matter,
which contribute to air pollution and are particularly harmful to local inhabitants. Moreover, electric
power production from these systems may fare expensive due to high diesel fuel costs, hampered
by fuel price fluctuations and additional costs related to fuel transportation to remote sites with
sparsely developed road structure. Plus, fuel transportation must be effectively planned to the point
of safeguarding fuel supply, avoiding shortages or interruptions, which, in the long run, will lead
communities into facing increased energy costs [53].

Renewable energy sources solutions such as biomass gasification systems coupled with ICEG,
are proving to be a far more clean, reliable and efficient option for decentralized electrification, not
requiring regular fuel supply and being cost-competitive with diesel generators [54]. In fact, a well
operated and established biomass gasification system can produce far less greenhouse gas emissions
since biomass is considered carbon-neutral, feedstocks arrive from renewable sources and most of the
produced gas is used as fuel [55]. Therefore, the biomass systems’ environmental performance and
technical competitiveness with conventional diesel systems alongside with the current global warming
paradigm upholds gasification technology to a frontline position shift towards a more sustainable
energy market.

9. Conclusions

This work presented a comparative techno-economic analysis concerning the gasification of four
fuels from two distinct countries, acacia and MSW * from Portugal and eucalyptus and MSW ** from
Brazil, employed for electricity generation purposes. Experimental gasification runs for acacia were
carried out in a 15 kWe gasifier manufactured by All Power Labs coupled with an ICEG. The syngas
composition was predicted by employing a 2-D Eulerian-Eulerian approach developed within the
ANSYS Fluent framework. The mathematical model was able to predict the experimental syngas
composition within a reasonable 20% error, considering the complexity associated with biomass and
MSW gasification processes.

The technical evaluation focused mainly on electricity generation and system efficiencies. Main
energy analysis results settled the fuel power supply between 88 to 112 kW, depending on the LHV,
the gasifier’s cooling efficiency varied from 73 to 75% and the syngas power supply from 64.2 to 83 kW.
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Ultimately, the generated electricity ranged from 11.6 to 15 kW with an overall system efficiency of
approximately 13.5%. Hereupon, calculations showed the adequacy of producing electric power by
means of a downdraft gasifier dealing with different fuels to produce proper syngas to feed an ICEG.

Regarding the economic analysis, a spreadsheet-based economic model was developed based
on a combination of three financial indicators, NPV, IRR and PBP. The main cost factors considered
included electricity generation costs, initial investment, O & M cost and fuel costs. Revenues were
calculated from the electricity sales to the national grid. The economic model presented positive
perspectives admitting the possibility of establishing the project under current market conditions.
For the Portuguese scenario, the results showed an NPV of 29.32 k€ for the acacia and 18.99 k€ for
MSW *, whereas, for the Brazilian scenario, eucalyptus resulted in an NPV of 28.45 k€ and 31.65 k€ for
MSW **. Concerning the IRR, results showed rates of 19.34% for acacia, 16.88% for MSW *, 19.28% for
eucalyptus and 20.09% for MSW **. As for PBP, results predicted a time frame of 9.20 years for acacia,
12.61 years for MSW *, 9.38 years for eucalyptus and 8.67 years for MSW **. In general, the investment
projects set for deployment in Brazil delivered enhanced economic performances showing increased
feasibility mainly due to higher electricity sales price practiced in the country.

A sensitivity analysis was carried out by employing the Monte Carlo method to assess the risks
and measure the level of uncertainty associated with the ventures. The risk assessment yielded rather
favorable investment projections with a probability of the NPV reaching positive values of 98.18% for
acacia, 92.48% for MSW *, 98.77% for eucalyptus and 99.34% for MSW **. As compared to the NPV,
IRR and PBP carried lower standard deviation values, of about 0.03% and 3.21 to 5.52%, respectively,
signifying that the lowest investment risk failure comes associated with these two financial indicators,
especially with the IRR. Hence, a greater risk of investment loss was detected for the NPV. Overall, the
NPV showed to be considerably more sensitive to uncertainties associated with the electricity sales
price and discount rate, while fuel cost was generally the least affecting variable. Finally, the least
affected NPV given out by the Brazilian feedstocks showed that the units set for deployment in this
context offer a slight lower risk of investment loss as compared to the Portuguese projects mostly due
to improved electricity sales price regulations.

At last, this work states the positive effect of energy generation from small-scale gasification-ICEG
systems in different scenarios (Portugal and Brazil) particularly towards decentralized communities
inserted in a rural scheme. However, despite the broad benefits shown by this technology, its viability
is still highly influenced by local government decisions, who must enforce light-handed regulatory
measures concerning subsidiary support and favorable electricity sales prices so to benefit the
dissemination and development of this technology. In the long run, these policies will not only allow
investors to face the high initial outlays required for deploying such ventures, but also stimulate research
interest in further developing gasification technology coupled with ICEG to a wide commercial viability
status. Truly, small-scale gasification systems for decentralized solutions provide the opportunity for
achieving global access to electricity, suiting as key for unlocking a sustainable future while uplifting
the local economy in these locations.
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Nomenclature

A, B calibration constants
Bi equation coefficient related to the main factors
B0 interception coefficient
Bi,i quadratic effects (give the curvature to the response surface)
Bi, j cross interactions between factors
C1ε, C2ε, C3ε constants
Cp specific heat capacity
Ct cash flows
D0 diffusion rate coefficient
Gk generation of turbulence kinetic energy due to the mean velocity gradients
Gb generation of turbulence kinetic energy due to buoyancy
g gravitational acceleration
h specific enthalpy
hpq heat transfer coefficient between the fluid phase and the solid phase
I radiation intensity
Ji diffusion flux of specie i
k thermal conductivity
LHV lower heating value
M total mole flow of carbon in the syngas components
Mc molecular weight
Mw,i molecular weight of i component
m biomass flow into the gasifier
.

m mass flow
.

mpq mass flow between the fluid phase and the solid phase
Nu Nusselt number
Ps particle phase pressure due to particle collisions
p gas pressure
⇀
q q heat flux

qth specific enthalpy
Qpq heat transfer intensity between phases
.

Q heat rate
R universal gas constant
Ri net generation rate of specie i due to homogeneous reaction
Rc reaction rate
Si source term related to the specie i production from the solid heterogeneous reaction
Sk user-defined source terms
Sq source term due to chemical reactions
Sε user-defined source terms
T temperature
U mean velocity
v instantaneous velocity

.
W work rate
Xc carbon fraction in the biomass (obtained from the ultimate analysis)
Y mass fraction

Ym
contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate
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Other symbols
α volume fraction
β gas-solid interphase drag coefficient
ρ density

Θs
granular temperature, proportional to the kinetic energy of the random motion of the
particles

ϕls energy exchange between the fluid phase and the solid phase
kΘa∇Θs diffusion energy (kΘa is the diffusion coefficient)(
−PsI + τs

)
: ∇

(→
v s

)
generation of energy by the solid stress tensor

γΘa collisional dissipation of energy
τ tensor stress
μ viscosity
γc stoichiometric coefficient
η efficiency
Subscripts
g gas phase
s solid phase
i component
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