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copper from wastewater, as well as to propose potential areas that encompass serpentinized ultramafic
rocks suitable for these applications (Figure 7).

Figure 7. Modified geological map of Veria-Naousa ophiolite complex [33] after fieldwork and mapping
using ArcMap 10.1; the area of investigation is shown in the black rectangle; the dark green color
shows the highly-serpentinized ultramafic rocks of the region and the light green color shows the
medium-serpentinized ultramafic rocks.

GIS-based petrographic mapping of serpentinites feasible to be used as raw materials for copper
capture are suggested. In the modified maps (see below) we have taken into account all of the
aforementioned factors and propose specific areas that are defined and measured from the examined
ophiolite complexes (Figures 7 and 8). Specifically, the areas marked with dark green color (zone
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A) constitute the suggested areas from the mentioned complexes with the suitable serpentinites.
These serpentinites can potentially be used as filters for Cu removal regarding their petrographic
characteristics (degree of serpentinization, textural features and serpentine type) and geochemical
characteristics (LOI index). The Veria-Naousa ophiolite complex comprises of highly-serpentinized
ultramafic rocks, and GIS-based calculations yield an area of 43.84 km2, whereas the Edessa ophiolite
complex is calculated to be 42.19 km2 (Figure 7). On the other hand, zone B, marked with light green
color, constitutes the lesser suitable areas for Cu capture, as they contain lower amounts of serpentine
and different mineralogical and petrographic characteristics than those of zone A.

Figure 8. Modified geological map of Edessa ophiolite complex [39] after fieldwork and mapping
using ArcMap 10.1; the area of investigation is shown in the black rectangle; the dark green color
shows the highly-serpentinized ultramafic rocks of the region and the light green color shows the
medium-serpentinized ultramafic rocks.
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Concerning the Veria-Naousa ophiolite complex, 2.93 km2 of highly serpentinized ultramafic rocks
was calculated using GIS method, whereas in the Edessa ophiolite complex 8.15 km2 was calculated
(Figure 8). Conclusively, the highly serpentinized ultramafic rocks from both ophiolite complexes are
present in higher volumes than those of the medium-serpentinized rocks. Additionally, through the
proposed maps, which are first introduced through this study, an extra use for these serpentinites
is proposed apart from aggregates for construction and environmental applications as has already
highlighted by Petrounias et al. [48,49].

6. Conclusions

In this paper, the selective capture of Cu (II) from acidic wastewater derived from the pit lakes of
the Agios Philippos mine (Greece) from mechanically activated serpentinite using a LA machine was
studied. The abovementioned study leads to the following conclusions:

• Two groups of serpentinized ultramafic rocks from the investigated ophiolite complexes which were
detected according to their petrographic observations were in accordance with their mineralogical,
chemical and geochemical analyses.

• The highly serpentinized rocks (Group I) are more effective in Cu removal in contrast to the
medium serpentinized rock samples (Group II).

• The higher mechanical activation of the studied serpentinites (after they have been subjected to a
1500 revolutions LA test) is related to their higher capability to perform Cu removal.

• Selective removal of Cu (II) in the form of the wroewolfeite phase was achieved by using
mechanically activated highly serpentinized ultramafic rocks.

Furthermore, areas with highly serpentinized ultramafic rocks that can potentially be used as
filters for the effective Cu (II) removal from industrial wastewater are suggested and more specifically
these are the 43.84 km2 areas from the Veria-Naousa ophiolite and the 42.19 km2 area from the
Edessa ophiolite.
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Abstract: Staged combustion is an effective technology to control NOx emissions for coal-fired boilers.
In this paper, the characteristics of NOx emissions under a high temperature and strong reducing
atmosphere conditions in staged air and O2/CO2 combustion were investigated by CHEMKIN.
A methane flame doped with ammonia and hydrogen cyanide in a tandem-type tube furnace
was simulated to detect the effects of combustion temperature and stoichiometric ratio on NOx

emissions. Mechanism analysis was performed to identify the elementary steps for NOx formation and
reduction at high temperatures. The results indicate that in both air and O2/CO2 staged combustion,
the conversion ratios of fuel-N to NOx at the main combustion zone exit increase as the stoichiometric
ratio rises, and they are slightly affected by the combustion temperature. The conversion ratios
at the burnout zone exit decrease with the increasing stoichiometric ratio at low temperatures,
and they are much higher than those at the main combustion zone exit. A lot of nitrogen compounds
remain in the exhaust of the main combustion zone and are oxidized to NOx after the injection
of a secondary gas. Staged combustion can lower NOx emissions remarkably, especially under a
high temperature (≥1600 ◦C) and strong reducing atmosphere (SR ≤ 0.8) conditions. Increasing
the combustion temperature under strong reducing atmosphere conditions can raise the H atom
concentration and change the radical pool composition and size, which facilitate the reduction of
NO to N2. Ultimately, the increased OH/H ratio in staged O2/CO2 combustion offsets part of the
reducibility, resulting in the final NOx emissions being higher than those in air combustion under the
same conditions.

Keywords: chemical simulation; NOx emission; staged combustion; high temperature; strong
reducing atmosphere

1. Introduction

Nitrogen oxides (NOx) are one of the most predominant pollutants in coal-fired boilers. Because
NOx can endanger human health severely and cause acid rain, there is an increasing public demand for
reducing NOx emissions. Many countries have promulgated new NOx emission limits [1–4]. In China,
the allowed NOx emissions should be below 100 mg of NO2/Nm3 (6% O2) for all coal-fired power
plants after 2014. In the European Union, the NOx emission limit is expected to be lowered to 200 mg
of NO2/Nm3 (6% O2) for power plants over 500 MWe by the year of 2016.

To achieve these stringent NOx emission limits, a combination of two or more NOx reduction
techniques has to be used [5,6]. Currently, commercially available NOx reduction techniques include
air staging, reburning, low-nitrogen burner [7], selective catalytic reduction (SCR) and selective
non-catalytic reduction (SNCR). Among them, air staging, reburning and low-nitrogen burner are low
NOx combustion techniques, whereas SCR and SNCR are post-combustion NOx reduction technologies

Energies 2020, 13, 3557; doi:10.3390/en13143557 www.mdpi.com/journal/energies103
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employed to offer varying degrees of NOx control capability. Because of high capital and operating
costs, ammonia leakage, deactivation of the catalyst, and relatively narrow temperature windows for
post-combustion NOx-reduction technologies [8–13], it is more desirable in practice to remove as much
NOx as possible during combustion to alleviate the dependency on SCR and SNCR.

Air staging is the most widely used NOx control technique during combustion in pulverized coal
boilers, which employs a main combustion zone and a burnout zone within the furnace region (see
Figure 1) [5,14,15]. About 80% of air flow enters the main combustion zone where pulverized coal
burns under substoichiometric conditions, i.e., reducing atmosphere conditions. The balance of the
required air for complete combustion is introduced to the burnout zone through overfire air (OFA)
ports. In the main combustion zone, the deficiency of oxygen can accelerate CHm (with m = 1, 2, and 3)
and NHn (with n = 0, 1, and 2) to reduce generated NOx to N2 [16]. After the balance of oxygen is
supplied to the burnout zone, a small amount of fuel NOx will be formed here, as most of the fuel-N
has been converted into N2 or NOx. Meanwhile, the generation of thermal NOx is also inhibited. As a
result, lower emissions of NOx are achieved at the furnace exit.

 

Figure 1. Pulverized coal boiler air-staged combustion NOx control system.

Many research efforts have been devoted to the characteristics of NOx formation and reduction
in staged air combustion [1,3,16–22]. The results revealed that NOx emissions are mostly
determined by coal properties, combustion temperature, stoichiometric ratio (SR) and residence
time. Some investigators [17,22] reported that stoichiometric ratio can strongly affect the generation of
NOx, and the conversion ratio of fuel-N to NOx falls with the decreasing stoichiometric ratio under
reducing atmosphere conditions (SR < 1). Taniguchi et al. [1,19] detected the impact of combustion
temperature on NOx emissions in a drop-tube furnace system used to simulate the air-staged combustion
characteristics of actual pulverized coal boilers. They agreed that raising the temperature of the main
combustion zone under reducing atmosphere conditions helps the reduction of NOx. This viewpoint
is also supported by some other research work [21]. Thus, it is found that a high temperature or strong
reducing atmosphere in the main combustion zone can lower NOx emissions. In other words, to achieve
the minimal NOx emissions in staged air combustion, the combustion temperature should be raised as
high as possible and the stoichiometric ratio should be reduced as far as possible simultaneously in
the main combustion zone. Bai et al. [16] examined NOx emission levels of various coals under high
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temperature and strong reducing atmosphere conditions in a vertical tandem-type drop-tube furnace
system. Their results verified the NOx removal potential of this combustion method.

Creating high temperature and strong reducing atmosphere conditions in staged air combustion
to lower NOx emissions has a promising prospect. The slag-tap furnace is expected to be the most
appropriate application for the combustion method owing to the following two aspects: The first is the
high combustion temperature. For example, the gas temperature within the cyclone barrel is more than
1650 ◦C in cyclone-fired boilers [23]. The second is the decreased ash melting temperature under strong
reducing atmosphere conditions [24]. The slag-tap furnace prefers to fire the coals having low ash
melting temperatures without severe slagging. Moreover, there are also some other furnaces featuring
high combustion temperatures [5,21].

O2/CO2 combustion is one of the most promising CO2-capture technologies in thermal power
generation [25–28]. Studies have shown that staged combustion can also lower the NOx emissions in
O2/CO2 combustion [16,20,26,29]. Thus, NOx formation and reduction under high temperatures and
strong reducing atmosphere conditions in staged O2/CO2 combustion are also worthy being explored.

A number of researchers [4,6,20,30–35] have investigated the processes of NOx formation and
reduction in staged air and O2/CO2 combustion to date. However, these studies were performed under
the conditions of relatively low temperature or relatively high stoichiometric ratio. There are very few
studies on the reaction mechanisms for NOx under high temperatures and strong reducing atmosphere
conditions, which differ from those under conventional conditions of staged combustion. Meanwhile,
how to co-ordinate the combustion temperature and stoichiometric ratio to achieve the most suitable
conditions for NOx reduction is still unclear and insufficiently understood. Therefore, it is of great
significance to study how the high temperature and strong reducing atmosphere conditions influence
the NOx formation and reduction in staged combustion.

In the present study, the characteristics of NOx formation and reduction under high temperature
and strong reducing atmosphere conditions in staged air combustion were investigated numerically by
CHEMKIN. A methane flame doped with ammonia and hydrogen cyanide for fuel-N in a tandem-type
tube furnace was simulated to probe the effects of combustion temperature and stoichiometric ratio on
the NOx emissions. Based on the calculations, the elementary steps for NOx formation and reduction
at the high temperature were identified. In addition, NOx formation and reduction in staged O2/CO2

combustion were also examined.

2. Numerical Approach

2.1. Reactors and Models

The simulations were carried out for a tandem-type tube furnace consisting of two identical tube
reactors. The tube furnace is shown schematically in Figure 2a. The inside diameter and heating length
of the tube reactor are 38 mm and 600 mm, respectively. The heaters are arranged around the tube
reactors to control the reaction temperatures. The primary gas, which includes CH4, NH3, HCN and
air (O2/CO2), is introduced into the tube reactor 1 where methane burns under different temperatures
and stoichiometric conditions. Meanwhile, NH3 and HCN are converted into NO or N2. Subsequently,
the secondary gas, i.e., supplementary air or O2/CO2, is injected as OFA from the connection between
the tube reactor 1 and 2. The residual fuel burns out in the tube reactor 2. Therefore, the tube furnace
can be employed to describe the characteristics of NOx formation and reduction in staged combustion
with the tube reactor 1 and 2 regarded as the main combustion zone and the burnout zone, respectively.

Indeed, some key processes in real boilers such as strong turbulence, devolatilization,
char combustion and thermal radiation are simplified for the purpose of seeking elementary steps
for N conversion at high temperatures. During pulverized coal combustion, considerable fractions
of C and N conversion occur in the gas phase. When pulverized coal is ignited in the furnace, the
volatiles in coal are first released and then mixed with air for homogeneous combustion. Hydrocarbons
are the important components of the volatiles. Compared with the real combustion process of
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pulverized coal, the transformation of Char-N and heterogeneous reduction of NOx are not considered.
This simplification certainly brings deviation for direct prediction of NOx emissions in practice, and its
influence depends on the amount of the coal volatiles. In this study, although methane combustion
simulation cannot fully reflect the N conversion during coal combustion, it can still reveal NOx

formation and reduction in the homogeneous combustion.

 
Figure 2. Schematic diagram of simulation object: (a) tube furnace of staged combustion; (b) reaction
process modeling, 1—external source of inlet gas i, 2—plug flow reactor i, 3—external source of inlet
gas ii, 4—non-reactive gas mixer, 5—plug flow reactor ii, 6—outlet flow of reactor.

The simulations were performed using a chemical kinetics modeling code CHEMKIN. It provides
a feasible and powerful tool to understand reaction processes involving elementary gas-phase chemical
kinetics [30–32,34,36–38]. Proper models were chosen to simulate the tube furnace and a corresponding
reaction process diagram was developed in Figure 2b. Two external source of inlet gas models were
used to introduce the primary and secondary gases into the reaction system. Moreover, two plug flow
reactor (PFR) models were employed to describe the combustion processes in the tube reactor 1 and 2,
respectively. The PFR model assumes that no mixing occurs in the flow direction while perfect mixing
occurs in the direction perpendicular to the flow [39,40]. Many researchers have applied it to simulate
the complex physical and chemical phenomena in tube reactors. A non-reactive gas mixer model was
used to replace the connection between the two tube reactors. The reaction system ended up with an
outlet flow of reactor model. All the models above completely constituted the simulation object.

2.2. Reaction Mechanism

There are three mechanisms responsible for the NOx formation in combustion systems: thermal
NOx, prompt NOx and fuel NOx. In the present study, the production of NO is far more than those of
other nitrogen oxides, thus, only NO is taken into account in our results. The thermal NOx is formed
by the direct oxidation of nitrogen from the combustion air at a very high temperature (>1800 K).
This reaction process can be expressed by the extended Zeldovich mechanism as follows [41]:

N2+O → NO + N (1)

N + O2 → NO + O (2)

N + OH → NO + H (3)
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The prompt NOx are generated by the reaction of atmospheric nitrogen with hydrocarbon radicals
in fuel-rich conditions. The key reactions are written by [42]:

N2+CH → HCN + N (4)

N2+CH2 → HCN + NH (5)

Subsequently, these resultants are oxidized to NO quickly. The fuel NOx are produced by the
oxidation of nitrogen bound in the fuel and generally account for more than 80% of the total NOx

production in large pulverized coal boilers [41]. NH3 and HCN are the dominant intermediates during
the conversion of fuel-N to NO or N2. As a result, the overall reactions of the fuel NOx formation can
be given by:

NH3+O2 → NO+ . . . (6)

HCN + O2 → NO+ . . . (7)

In addition, the generated NO is also reduced to N2 simultaneously, which mainly depends on
the local environment. The final NOx emissions are the comprehensive result of these actions, and a
detailed reaction mechanism is needed to predict it.

A GRI-Mech 3.0 reaction mechanism was adopted in this paper, which involves 53 species and
325 elementary chemical reactions [43]. The purpose of this mechanism is to model natural gas
combustion, including NO formation and reduction and reburn chemistry. The three NOx formation
mechanisms above are all included in this mechanism. Species concentrations in reaction systems
are calculated from the net rate of production for each species by chemical reaction. Reaction rate
constants are determined by the modified Arrhenius expression [32]:

k = ATβ exp(−E/[RT]) (8)

where A is the pre-exponential factor, T is the reaction temperature, β is the correction factor, E is the
activation energy and R is the molar gas constant. The reverse reaction rate constants derive from
the forward reaction rate constants and appropriate equilibrium constants. Under this mechanism,
the rate of production (ROP) and first-order sensitivity analyses were used to interpret the kinetic
results [32,34,36,44]. The ROP analysis can provide the information of the rates of formation and
consumption for each species involved in the mechanism. The first-order sensitivity analysis is able to
obtain the first-order sensitivity coefficient defined as:

κ =
δYj/Yj

δAi/Ai
(9)

where Yj is the mole fraction for the jth species and Ai is the pre-exponential factor for the ith reaction.
The coefficient reflects the relative change in the predicted concentration for jth species caused by
increasing the reaction rate constant for the ith reaction.

3. Data Analysis and Simulation Conditions

The stoichiometric ratio (SR) is often used to express combustion conditions, which is represented
in this study by:

SR =
VO2 /VCH4(

VO2 /VCH4

)
st

(10)

where V is the volume flow rate and the subscript st denotes the stoichiometric condition. The
conversion ratio of fuel-N to NOx (NOx CR) is defined as:

NOx CR =
Exhaust NOx volume flow rate

Inflow fuel−N volume flow rate
(11)
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where the Inflow fuel-N volume flow rate is the sum of NH3 and HCN volume flow rates.
Nine different stoichiometric ratios in the main combustion zone (0.5–1.2, 2) were used to study

the effect of the SR on the characteristics of NOx emissions, as shown in Table 1. The C/N mole ratios
in these cases were all selected as 85. The reaction temperature in the main combustion zone varies
from 1200 to 1800 ◦C, while that in the burnout zone varies from 1100 to 1400 ◦C. To compare with
air-staged combustion, NOx emissions in staged O2/CO2 and O2/Ar combustion were also investigated
with the O2 concentrations set at the same value (21%).

Table 1. Simulation conditions for staged combustion in the tandem-type tube furnace.

SR (Main Combustion Zone)

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 2

Primary gas (Ncm3/min):
CH4 735 612.5 525 459.4 408.3 367.5 334.1 306.2 183.8
O2 735 735 735 735 735 735 735 735 735

N2 (CO2 or Ar) 2765 2765 2765 2765 2765 2765 2765 2765 2765
NH3 3.46 2.88 2.47 2.16 1.92 1.73 1.57 1.44 0.86
HCN 5.19 4.32 3.71 3.24 2.88 2.59 2.36 2.16 1.30

Secondary gas (Ncm3/min):
O2 1029 735 525 367.5 245 147 66.8 0 0

N2 (CO2 or Ar) 3871 2765 1975 1382.5 921.7 553 251.4 0 0
SRglobal 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 2

Reaction temperature: 1200–1800 ◦C (Main combustion zone); 1100–1400 ◦C (Burnout zone)

4. Results and Discussion

4.1. Model Validation

In order to obtain creditable and reasonable simulation results, a comparison between different
reaction mechanisms and models was carried out in Figure 3. An updated reaction mechanism of
Glarborg et al. and a premixed flame model (PFM) were also taken into consideration in the present
study. The updated Glarborg reaction mechanism includes 97 species and 779 elementary chemical
reactions, and is able to predict the experimental results correctly [32]. The PFM can compute species
and temperature profiles in steady-state burner-stabilized premixed laminar flames. Figure 3 gives
the predicted results of three cases: PFR model and GRI-Mech 3.0 reaction mechanism, PFR model
and updated Glarborg reaction mechanism, PFM model and GRI-Mech 3.0 reaction mechanism [45].
The calculation was conducted under the SR of 0.7 and the reaction temperature varying from 1200 to
1800 ◦C; the other conditions are listed in Table 1. On the whole, the predicted volume flow rates of
NH3, HCN and NO at the main combustion zone exit show similar trends in the three cases. Although
there are some differences between the reaction mechanisms and models, these results are comparable.
Especially at high temperatures, a good agreement is observed. Therefore, the above-described
numerical approach is valid.

4.2. Characteristics of NOx Emissions in Staged Air Combustion

Figure 4 shows the NOx CRs at the main combustion zone and burnout zone exits in the staged
air combustion. The NOx CRs at the main combustion zone exit increase when the SR rises, and the
reaction temperature seems to have little influence on the NOx CRs. However, the NOx CRs at the
burnout zone exit are significantly affected by the SR and reaction temperature in the main combustion
zone. When the reaction temperature is low, the NOx CRs decrease with the increasing SR. Comparing
the NOx CRs of the main combustion zone exit and the burnout zone exit, a large quantity of NOx

is produced after the injection of secondary gas, which means a lot of nitrogen compounds exist
in the exhaust of the main combustion zone. This point will be proved and discussed in Figure 5.
The smaller the SR is, the higher the number of nitrogen compounds. Contrastingly, for the high
reaction temperature, the final NOx emission levels are quite low. A minimal difference is found in
the NOx CRs between the main combustion zone exit and the burnout zone exit, which means most
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of the fuel-N has been converted into NOx or N2 and few nitrogen compounds remain at the main
combustion zone exit. In addition, the lower NOx emission levels are found at a high temperature
(≥1600 ◦C) and strong reducing atmosphere (SR ≤ 0.8) conditions.

 
Figure 3. Comparison of different reaction mechanisms and models in staged air combustion: (a–c) are
the predicted volume flow rates of NH3, HCN and NO, respectively, at the main combustion zone exit
under the SR of 0.7.

The sums of NH3, HCN, and NOx at the main combustion zone and burnout zone exits in staged
air combustion are shown in Figure 5. At the main combustion zone exit, the NOx emissions are low,
while the sum of NH3, HCN, and NOx is quite high when the reaction temperature is set as 1200 ◦C.
A large amount of NH3 and HCN remain in the primary combustion exhaust. With the secondary
gas introduced, the remaining NH3 and HCN are almost entirely oxidized to NOx. Therefore, at the
burnout zone exit, very little NH3 and HCN exist, and the sum of NH3, HCN, and NOx is approximately
equal to the NOx emissions. The final NOx emissions depend on the sum of nitrogen compounds
in the primary combustion exhaust. To limit the NOx emissions as much as possible by air staging,
it is of great significance to obtain a minimum sum of NH3, HCN, and NOx in the main combustion
zone, i.e., converting more fuel-N to N2 in terms of N balance. With the reaction temperature in the
main combustion zone rising, the final NOx emissions decrease. When the temperature is higher than
1600 ◦C, the final NOx emissions attain a minimum level.
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(a) 

 
(b) 

Figure 4. Conversion ratio of fuel-N to NOx in staged air combustion (reaction temperature in the
burnout zone: 1100 ◦C): (a) main combustion zone exit; (b) burnout zone exit.

 
Figure 5. Sums of NH3, HCN and NOx at the exits in staged air combustion (reaction temperature in
the burnout zone: 1100 ◦C).

Figure 6 illustrates the NOx emissions under the oxidizing atmosphere condition (SR ≥ 1) in air
combustion. Considering the formation of the thermal NOx, a simulation of O2/Ar combustion was
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performed for comparison. Most of the fuel-N is easily oxidized to NOx by the excess O2. When the
combustion temperature is higher than 1500 ◦C, the thermal NOx begins to be markedly produced.
As the combustion temperature and SR rise, the emissions of the thermal NOx increase rapidly.

 
Figure 6. Comparison of NOx emissions between air combustion and O2/Ar combustion under
oxidizing atmosphere conditions.

The effect of the reaction temperature in the burnout zone (T2) on the NOx emissions in air staging
is shown in Figure 7. The reaction temperature in the main combustion zone (T1) is selected as 1500 ◦C.
There is minimal difference in the final NOx CR when T2 varies from 1100 to 1400 ◦C. In other words,
T2 nearly has no effect on the formation of NOx. Therefore, it is important to control the NOx formation
and reduction in the main combustion zone instead of the burnout zone.

 
Figure 7. Effect of reaction temperature in the burnout zone on the NOx emissions in staged
air combustion.

4.3. Characteristics of NOx Emissions in Staged O2/CO2 Combustion

Figure 8 presents the effects of the SR and combustion temperature on the NOx emissions in
the staged O2/CO2 combustion. The variation trends of the NOx CRs are similar to those in the
staged air combustion. However, a significant difference in the exact NOx emission value between
O2/CO2 combustion and air combustion is found due to the existence of a great deal of CO2. In the
O2/CO2 combustion, the CO2 concentration is so high that the chemical reaction 12 is observably
facilitated [30,37]:

H + CO2 → OH + CO (12)
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Here, CO2 cannot be considered as an inert gas anymore. The chemical reaction 12 diminishes
the H atom concentration and increases the concentration of OH radicals, which impacts the NOx

formation and reduction strongly. Compared with the staged air combustion, the NOx CR at the main
combustion zone exit increases markedly, and the range of the SR and combustion temperature (under
which a significant amount of NH3 and HCN remain in the primary combustion exhaust) is narrow.
At low temperatures (≤1400 ◦C), a significant amount of NH3 and HCN remain at the main combustion
zone exit. Their sum rises rapidly with the decreasing SR and combustion temperature. Similarly,
the lower final NOx emission levels appear at high temperatures (≥1500 ◦C), and the higher combustion
temperature and the smaller SR lead to lower NOx emissions. Furthermore, the final NOx emissions in
the staged O2/CO2 combustion are higher than those in the staged air combustion at the same high
temperature and strong reducing atmosphere conditions. This conclusion is consistent with Mendiara
et al.’s research results [32,36]. Because of the chemical reaction 12, the OH/H ratio increases, which is
equivalent to providing an oxidizing agent in the combustion atmosphere. Therefore, the oxidation of
NH3 and HCN to NOx is promoted.

 
(a) 

 
(b) 

Figure 8. Conversion ratio of fuel-N to NOx in staged O2/CO2 combustion (reaction temperature in the
burnout zone: 1100 ◦C): (a) main combustion zone exit; (b) burnout zone exit.

Figure 9 compares the NOx emissions of staged air and O2/CO2 combustion under different
atmosphere conditions. In O2/CO2 combustion, staged combustion is also able to decrease the NOx

emissions enormously, but the emission reduction is less than that in air staging. Under the oxidizing
atmosphere condition, the NOx emission levels are quite high in both air combustion and O2/CO2
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combustion. Moreover, CO2 can reduce the O/H radical pool and tends to inhibit the NOx formation
from fuel-N and, thus, the NOx emissions in O2/CO2 combustion are lower than those in air combustion.
When under the reducing atmosphere condition, as the SR falls, the NOx CR in O2/CO2 combustion
decreases while that in air combustion reduces first and then increases. The NOx CR of O2/CO2

combustion has a minimum of 7.1% at the SR of 0.5, while that of air combustion reaches a minimum
of 4.7% at the SR of 0.7. These results denote that staged air combustion is more practical for limiting
the NOx emissions than staged O2/CO2 combustion.

 
Figure 9. Comparison of NOx emissions between air combustion and O2/CO2 combustion under
different atmosphere conditions.

Another interesting finding in Figure 9 is that there are two reverse trends for staged air combustion
and O2/CO2 combustion at a smaller SR. The chemical reaction 12 can affect reducibility of combustion
atmosphere strongly. At a smaller SR, a certain amount of NH3 and HCN remain in the primary
combustion exhaust for staged air combustion when the temperature is not so high (here 1500 ◦C),
then the NOx CR increases after these NH3 and HCN are oxidized to NOx by the OFA. While for
staged O2/CO2 combustion, the atmosphere is much less reductive at the same SR; only a small amount
of NH3 and HCN remain when the temperature is 1500 ◦C. Moreover, the smaller SR is, the more
significant the effect of reducibility.

4.4. Mechanism Analysis

According to the ROP analysis, a reaction path diagram reflecting the main reaction pathways for
the conversion of NH3 and HCN to NO or N2 in staged air and O2/CO2 combustion is proposed in
Figure 10. The combustion temperature is 1600 ◦C and the SR is 0.7 during the calculation. The solid
lines represent reaction pathways important in air combustion, while the dashed lines express those
only significant in O2/CO2 combustion. It can be seen from the reaction path diagram that NO is
directly reduced to N2 mainly through the following reactions:

N + NO → N2+O (13)

NH + NO → N2+OH (14)

NCO + NO → N2+CO2 (15)

Besides, part of NO first forms nitrogen intermediates NNH and N2O, and they are then converted
into N2 by:

NH + NO → NNH + O (16)
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NNH + H → H2+N2 (17)

NNH + OH → H2O + N2 (18)

NNH → N2+H (19)

NH + NO → N2O + H (20)

NCO + NO → N2O + CO (21)

N2O + H → N2+OH (22)

N2O(+M) → N2+O(+M) (23)

 

Figure 10. Reaction path diagram for the fuel-N conversion under a high temperature and strong
reducing atmosphere conditions in staged air and O2/CO2 combustion.

Major reactions for NH3 consumption are the interactions with H, O and OH radicals:

NH3+H → NH2+H2 (24)

NH3+O → NH2+OH (25)

NH3+OH → NH2+H2O (26)

Main reactions for HCN removal are listed as follows:

HCN + OH → NH2+CO (27)

HCN + O → NH + CO (28)

HCN + O → NCO + H (29)

HCN + OH → HOCN + H (30)

HCN + OH → HNCO + H (31)

HCN + M → H + CN + M (32)
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HCN + OH → CN + H2O (33)

There are also some important nitrogen intermediates formed during the conversion of NH3

and HCN, such as NCO, NH, NH2, and HNO. Whether the fuel-N is finally converted into NO or
N2 depends on the formation and evolution of these nitrogen intermediates, which are significantly
affected by the presence of H, O and OH radicals in the reaction atmosphere. Determined by the
combustion temperature and SR, different concentrations of H, O and OH radicals lead to different
NOx emissions. Under the high temperature and strong reducing atmosphere conditions, the H atom
concentration is increased, and the OH/H ratio and O/H ratio are decreased correspondingly. As a
result, the reactions by which the nitrogen intermediates are oxidized to NO are inhibited, while those
promoting the NO reduction to N2 are enhanced. For O2/CO2 combustion, reaction 12 is considered to
be responsible for the impact of high CO2 concentration. It can compete with reaction 34 for H [30,37],
which changes the concentrations of H, O and OH radicals in the reaction atmosphere.

H + O2 → O + OH (34)

Figure 11 gives the results of a first-order sensitivity analysis for N2 at the SR of 0.7 in air
combustion. Here, the effect of temperature on N2 production is detected emphatically. The first-order
sensitivity coefficients of some reactions are negative at a low temperature, while they become positive
at a high temperature, which means that these reactions play important roles in the reduction of NOx

to N2. With the increasing temperature, the function of these reactions switches from inhibiting N2

production to facilitating it. This is because the increasing rate constant of each reaction induced by
the higher temperature changes the radical pool composition and size in the reaction atmosphere.
Moreover, N2 is mostly sensitive to the reactions that generate or consume H and CH3 radicals under
the high temperature and strong reducing atmosphere conditions. For instance, increasing the rate
of reaction 34 will promote NOx reduction. Similarly, Figure 12 displays the first-order sensitivity
analysis for N2 in O2/CO2 combustion. Due to reaction 12, some reactions for CH3 consumption
become bottlenecks in N2 formation, besides reaction 34.

 

Figure 11. First-order sensitivity analysis for N2 at different temperatures in air combustion (SR = 0.7).
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Figure 12. First-order sensitivity analysis for N2 at different temperatures in O2/CO2 combustion
(SR = 0.7).

5. Conclusions

In this study, a methane flame doped with ammonia and hydrogen cyanide for fuel-N in a
tandem-type tube furnace was simulated to investigate the characteristics of NOx emissions under a
high temperature and strong reducing atmosphere conditions in staged air and O2/CO2 combustion
by CHEMKIN. The effects of combustion temperature and stoichiometric ratio on the NOx emissions
were examined, and the elementary steps for NOx formation and reduction at high temperatures were
identified. The following conclusions can be drawn:

In both staged air and staged O2/CO2 combustion (SR < 1), the NOx CRs at the main combustion
zone exit increase as the SR rises, and they are slightly affected by the combustion temperature.
The NOx CRs at the burnout zone exit decrease with the increasing SR at low temperatures, and they
are much higher than those at the main combustion zone exit. Here, a lot of nitrogen compounds
remain in the exhaust of the main combustion zone and can be easily oxidized to NOx with the injection
of secondary gas. Staged combustion can lower the NOx emission levels significantly, especially under
a high temperature (≥1600 ◦C) and strong reducing atmosphere (SR ≤ 0.8) conditions. Increasing
the combustion temperature under strong reducing atmosphere conditions can raise the H atom
concentration and change the radical pool composition and size. Therefore, the reactions by which
NO is reduced to N2 are facilitated. In addition, the increased OH/H ratio through reaction 12 offsets
part of the reducibility in staged O2/CO2 combustion, resulting in the final NOx emissions in O2/CO2

combustion being higher than those in air combustion at the same high temperature and strong
reducing atmosphere conditions.
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Nomenclature

A pre-exponential factor (L/(mol·s))
E activation energy (kJ/mol)
k reaction rate constant (L/(mol·s))
NOx CR conversion ratio of fuel-N to NOx (%)
R molar gas constant (kJ/(mol·K))
SR stoichiometric ratio (-)
T reaction temperature (K)
V volume flow rate (Ncm3/min)
Y mole fraction (-)
β correction factor (-)
κ first-order sensitivity coefficient (-)
i index for reaction
j index for species
st stoichiometric condition
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Abstract: The bioethanol industry continues improving sustainability, specifically focused on plant
energy and GHG emission management. Dried distiller grains with solubles (DDGS) is a byproduct
of ethanol fermentation and is used for animal feed. DDGS is a relatively low-value bulk product that
decays, causes odor, and is challenging to manage. The aim of this research was to find an alternative,
value-added-type concept for DDGS utilization. Specifically, we aimed to explore the techno-economic
feasibility of torrefaction, i.e., a thermochemical treatment of DDGS requiring low energy input,
less sophisticated equipment, and resulting in fuel-quality biochar. Therefore, we developed a
research model that addresses both bioethanol production sustainability and profitability due to
synergy with the torrefaction of DDGS and using produced biochar as marketable fuel for the plant.
Our experiments showed that DDGS-based biochar (CSF—carbonized solid fuel) lower calorific value
may reach up to 27 MJ·kg−1 d.m. (dry matter) Specific research questions addressed were: What
monetary profits and operational cost reductions could be expected from valorizing DDGS as a source
of marketable biorenewable energy, which may be used for bioethanol production plant’s demand?
What environmental and financial benefits could be expected from valorizing DDGS to biochar and
its reuse for natural gas substitution? Modeling indicated that the valorized CSF could be produced
and used as a source of energy for the bioethanol production plant. The use of heat generated from
CSF incineration supplies the entire heat demand of the torrefaction unit and the heat demand of
bioethanol production (15–30% of the mass of CSF and depending on the lower heating value (LHV)
of the CSF produced). The excess of 70–85% of the CSF produced has the potential to be marketed for
energetic, agricultural, and other applications. Preliminary results show the relationship between the
reduction of the environmental footprint (~24% reduction in CO2 emissions) with the introduction of
comprehensive on-site valorization of DDGS. The application of DDGS torrefaction and CSF recycling
may be a source of the new, more valuable revenues and bring new perspectives to the bioethanol
industry to be more sustainable and profitable, including during the COVID-19 pandemic and other
shocks to market conditions.

Keywords: biofuel; biorenewables; corn; DDGS; ethanol; sustainability; torrefaction; waste-to-energy;
waste-to-carbon; CSF

1. Introduction

The production of bioethanol is a heat-consuming process. The heat demand for processing of
corn is ~1100 MJ·Mg−1 (corn), while the production of bioethanol requires 38,600 MJ·Mg−1 (bioethanol).
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Typically, this heat demand is supplied by the incineration of natural gas, a fossil fuel [1]. Therefore,
the production of bioethanol is not considered sustainable (e.g., due to net GHG production, [2]),
which is dependent on fluctuating prices of natural gas and subsidies. The bioethanol production
industry needs continued efforts to be profitable, sustainable, self-sufficient, and independent from the
volatile fuels market and resilient to changing policies.

We propose, for the first time, implementation of the new solution based on valorization and
waste recycling according to ‘waste to carbon’ and ‘waste to energy’ approaches. One of the bioethanol
industry waste is dried distiller grains with solubles (DDGS) accounting for ~30% [1] of the initial mass
of corn. Wet DDGS is usually used for animal feeding with relatively low revenues for the ethanol
plant. The wet (unprocessed) DDGS are prone to decay and are difficult to store without drying (and
additional energy input for drying is required) [3].

We propose the use of torrefaction (roasting at 200 to 600 ◦C in the absence of oxygen) of DDGS to
produce biochar. The biochar (i.e., carbonized DDGS, also known as carbonized solid fuel, CSF [4]) is
then used as a fuel to that covers the entire heat needs for a bioethanol plant. The biochar produced
from DDGS may reach the calorific value up to ~27 MJ·kg−1 d.m. (equivalent of high-quality coal,
anthracite) while the mass yield of the biochar is 60–90%.

The proposed solution is an innovative change in the bioethanol production scheme due to:
(i) addition of a torrefaction unit for thermochemical treatment of DDGS and production of biochar
(CSF) characterized by improved fuel properties; (ii) substitution of CSF for natural gas (currently used
as the heat source in a gas boiler) and incineration in a solid fuel boiler; (iii) use of heat generated from
CSF incineration in solid fuel boiler for covering entire heat demands of torrefaction unit and the heat
demand of bioethanol production process. The residual mass of CSF produced has the potential to be
marketed for energetic, agricultural, and other applications.

In this paper, we present a techno-economic analysis showing that the proposed valorization of
DDGS is profitable, i.e., it makes the bioethanol plant energy-neutral (for heat) while creating additional
revenue streams from CSF sold outside. A few techno-economic models for bioethanol plants were
developed. Kwiatkowski et al. created a model of the ethanol production system through the dry-grind
process [1]. The model was created with the goal of being applied to the evaluation of current and new
grain conversion technologies, to assist in the determination of how impactful alternative feedstocks
can be, and for sensitivity analysis of high impact economic factors. As such, the model was not based
on generic plant design. The model uses data from ethanol producers, manufacturers of the equipment,
suppliers, and engineers in this field. The Kwiatkowski et al. [1] model was created to simply be a
baseline for a standard ethanol production system.

Kalyian et al. [2] developed a model of a process that integrated torrefied corn stover into the
ethanol production system. The goal of this model was to assess whether there was the potential to
reduce greenhouse gas emissions through the integration of biomass torrefaction into industrial-scale
businesses. Our model has a different scope in comparison to Kalyian et al. [2] because the biomass we
propose as a feedstock for torrefaction is a direct byproduct of ethanol production. We are using DDGS
for biochar production, which, in turn, could potentially earn positive carbon abatement effects.

We aimed to explore the techno-economic feasibility of torrefaction, i.e., a thermochemical
treatment of DDGS requiring low energy input, less sophisticated equipment, and resulting in
fuel-quality biochar. Therefore, we developed a research model that addresses both bioethanol
production sustainability and profitability due to synergy with the torrefaction of DDGS and using
produced biochar as marketable fuel for the plant. Specific research questions addressed were:

1. What monetary profits and operational cost reductions could be expected from valorizing DDGS
as a source of marketable biorenewable energy?

2. What fraction of energy demand for bioethanol production could be supplied by CSF from DDGS?
3. What environmental and financial benefits could be expected from valorizing DDGS to CSF and

its reuse for natural gas substitution?
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2. Materials and Methods

2.1. Techno-Economic Model

A techno-economic model was created to provide an initial evaluation of the proposed concept.
The model was based on data collected regarding ethanol production requirements and products [1].
Using these data, we were able to create a working model for a standard ethanol production system
that can work with some key inputs such as the mass of corn being used, or the capacity of the plant,
to generate information on the products and byproducts that would be produced as a result. What we
used this information for was to create a hands-on model of our own so that we could compare a generic
ethanol production system with our own proposed ethanol production system. The data in this paper
was critical in the creation of our mass and energy balances, which were used to determine the viability
of our proposed method. This whole model was created in Microsoft Excel (Supplementary Materials,
Technoeconomic Model.xlsx).

The document itself contains several tabs providing information on the system and what is
occurring in each step of the process. Among these tabs is a flowchart that provides not only a visual
representation of the ethanol production system but also a detailed look at the mass breakdown at
every step. A more detailed overview of what each tab contains can be seen in Table 1.

To make the model more user-friendly and organized, we used different colors to symbolize
different processes in the flowchart. For example, the corn cleaning process is highlighted in Figure 1.
The ‘Total Corn’ block is colored green as it is an input into the system, the ‘Cleaning’ block is colored
blue to signify that it is a process in the system, and the ‘Trash’ block is red to signify a byproduct
of the system that is not profitable. The only block not pictured is that of a profitable byproduct,
which is colored in orange. On top of the color-coded blocks, several cells are colored yellow or orange,
which yellow indicating values that are inputted and orange, indicating values that change as a result
of the values in yellow.

 

Figure 1. The cleaning process from the ‘Flowchart’ page in the Supplementary Materials
(Excel spreadsheet, Technoeconomic Model).

An example of the techno-economic model is given in Figure 2, presenting the part of the mass
balance of the bioethanol plant.

The developed techno-economic model was a source of the mass balance data for the simplified
economic analysis of bioethanol plants. For calculations, we used four main components of the
bioethanol plant:

- Corn prices as a cost.
- Natural gas prices as a cost.
- Ethanol prices as a revenue.
- DDGS prices as a revenue.

Additionally, in the scenario with the application of the torrefaction, we included the option
of selling the CSF on the market. We assumed that the price of revenue would be similar to the

123



Energies 2020, 13, 4528

price of biochar available as a soil amendment. We determined the CSF threshold price above which
the bioethanol plant with implemented DDGS torrefaction starts to have higher profits than the
conventional one.

Table 1. Legend to the Technoeconomic Model (Excel spreadsheet in Supplementary Materials):
Bioethanol Plant Production Model.

Excel Tab (Name) Function Inputs Outputs

Introduction Brief explanation of what the file contains NA NA

Flowchart Visual representation of ethanol production
with the breakdown of the mass. NA

• Mass of trash
• Mass of ethanol
• Mass of DDGS
• Mass of CO2

Substrate-corn Provides information regarding the mass
composition of corn.

• Yearly plant working hours
• Annual cost of corn
• Current corn price
• Plant capacity

NA

Additives Summary of the mass of all additives during
the process.

• Water use NA

Cleaning Detailed description of the cleaning stage. NA NA

Grinding Brief description of grinding and its relation to
the mass balance. NA NA

Weigh Tank Brief description of the weigh tank phase and
its relation to the mass balance. NA NA

Slurry Tank Breakdown of how the mass changes into a
slurry and its resultant composition.

• Mass of α-amylase
• Ammonia
• Lime
• Water

NA

Liquefaction Brief overview of the liquefaction step and the
conversation of the starch to oligosaccharides. NA NA

Saccharification Brief overview of the saccharification step and
the conversation of oligosaccharides to glucose. NA NA

Fermentation Detailed look at the fermentation step and
conversion rates to ethanol and biomass. NA NA

Beer Column Brief overview of the routes the mass takes
from the beer column. NA NA

Centrifugation Description of centrifugation and assumptions
for centrifuge capacity. NA NA

Ethanol Purification Overview of the ethanol purification process as
well as steam use. NA • Ethanol produced

Evaporation Mass of water evaporated during purification. NA NA

NA—not applicable.

In our model, we used the most recent prices and costs given by the Hofstrand [5], which were
converted to the relative price to a ton of corn. In our economic model, we included following
components: Materials (Corn, Denaturant, Enzymes, Yeast, Chemicals, Other); Utilities (Electricity,
Water, Natural Gas); Fixed costs (Labor and Management, Repairs and Maintenance, Property Taxes,
Depreciation, Transportation, Interest); and Ethanol, DDGS, CSF.

All pricing data are given in Tables 2 and 3. The current price of biochar has been used to
characterize the economic value of the CSF [6]. On the base of price data and mass and energy balances,
we created the simplified economic model of these scenarios, which is available in the Supplementary
Materials as an Economic analysis.xlsx file.
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Figure 2. Information provided in the ‘Cleaning’ page from the Supplementary Material (Excel
spreadsheet, Technoeconomic Model).

Table 2. The economic analysis of the conventional bioethanol plant on the basis of the mass balance of
the main components and prices.

Bioethanol
Plant Model
Component

Reference

The Price Per Mass
Equivalent of

Model Component,
$·ton−1

The Price Per Mass
Equivalent of Corn of

the Model Component,
$·ton−1 Corn

Mass of Model
Component,

t·y−1
Costs, $·y−1 Revenues,

$·y−1

Materials

Corn [1,5] 122 - 358,250 43,705,866 -

Denaturant [5] - 5.14 - 1,840,306 -

Enzymes [5] - 3.69 - 1,322,967 -

Yeast [5] - 0.37 - 134,271 -

Chemicals [5] - 3.57 - 1,279,526 -

Other [5] - 2.20 - 789,831 -

Utilities

Electricity [5] - 4.33 - 1,552,736 -

Water [5] - 1.35 - 483,772 -

Natural Gas [1,5] 42.4 - 11,150 472,760 -

Fixed costs

Labor and
Management [5] - 4.19 - 1,502,115 -

Repairs and
Maintenance [5] - 2.76 - 987,289 -

Property Taxes [5] - 0.25 - 89,754 -

Depreciation [5] - 4.67 - 1,674,442 -

Transportation [5] - 0.83 - 2,96,187 -

Interest [5] - 6.99 - 2,502,742 -

Subtotal - - - - 58,634,563 -

Income

Ethanol [1,5] 398 - 124,000 - 49,344,040

DDGS [1,5] 127 - 114,200 - 14,505,432

Profit 5,214,909
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Calculation of Energy Demand for Torrefaction of DDGS

The results from the DSC analyses were used to calculate the actual energy demand in
processing dry DDGS (to heat DDGS from 20 ◦C to 260 ◦C) according to the procedure described by
Świechowski et al. [7]. It has been assumed that DDGS is dried, and energy is not spent on water
evaporation. The energy demand for DDGS drying is included in the natural gas demand of bioethanol
plant. The energy needed to DDGS torrefaction was calculated by Equation (1):

Q = m·ΔT·cp (1)

where:

Q—the total amount of heat needed to heat DDGS, GJ·y−1,
m—the mass of the DDGS, t·y−1,
ΔT—the temperature difference between ambient temperature (20 ◦C) and torrefaction point (260 ◦C),
under normal pressure conditions, ◦C,
cp—specific heat of DDGS, 1.6 kJ·(kg·◦C)−1.

2.2. Production of CSF

Corn DDGS originated from commercial provider [8] “Goświnowice” Ethanol Plant Głębinów,
Poland. DDGS torrefaction was done according to Syguła et al. [9] in a muffle furnace (SNOL 8.1/1100,
Utena, Lithuania). CO2, with a flow rate of 10 dm3·h−1, was supplied to create oxygen-free conditions.
The process was carried out under temperature 260 ◦C during 60 min retention time. The samples
were heated with a heating rate of 50 ◦C·min−1 from 20 ◦C to the torrefaction setpoint temperature.
Ten grams (±0.5 g) of the dry mass of the sample was placed in the steel crucible. The CSF was removed
from the muffle furnace when the interior temperature was lower than 200 ◦C (temperature was
monitored by an internal thermocouple and visualized on the screen of the furnace). The approximate
times of cooling from 260 ◦C to 200 ◦C was 29 min, respectively.

Table 3. The economic analysis of the bioethanol plant with implemented torrefaction of DDGS
on the base of the mass balance of the main components and prices of the main component of the
techno-economic model of bioethanol plant.

Bioethanol
Plant Model
Component

Reference

The Price Per Mass
Equivalent of

Model Component,
$·ton−1

The Price Per Mass
Equivalent of Corn of

the Model Component,
$·ton−1 Corn

Mass of Model
Component,

t·y−1
Costs, $·y−1 Revenues,

$·y−1

Materials

Corn [1,5] 122 - 358,250 43,705,866 -

Denaturant [5] - 5.14 - 1,840,306 -

Enzymes [5] - 3.69 - 1,322,967 -

Yeast [5] - 0.37 - 134,271 -

Chemicals [5] - 3.57 - 1,279,526 -

Other [5] - 2.20 - 789,831 -

Utilities

Electricity [5] - 4.33 - 1,552,736 -

Water [5] - 1.35 - 483,772 -

Natural Gas [1,5] 42.4 - 0 0 -

Fixed costs

Labor and
Management [5] - 4.19 - 1,502,115 -

Repairs and
Maintenance [5] - 2.76 - 987,289 -

Property Taxes [5] - 0.25 - 89,754 -

Depreciation [5] - 4.67 - 1,674,442 -
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Table 3. Cont.

Bioethanol
Plant Model
Component

Reference

The Price Per Mass
Equivalent of

Model Component,
$·ton−1

The Price Per Mass
Equivalent of Corn of

the Model Component,
$·ton−1 Corn

Mass of Model
Component,

t·y−1
Costs, $·y−1 Revenues,

$·y−1

Transportation [5] - 0.83 - 2,96,187 -

Interest [5] - 6.99 - 2,502,742 -

Subtotal - - - - 58,634,563 -

Income

Ethanol [1,5] 398 - 124,000 - 49,344,040

CSF [10] 2614 - 74,462 - 194,643,668

Profit 185,825,905

2.3. DDGS and CSF Analyses

The DDGS and CSF samples were tested in three replicates of high heating value (HHV) and lower
heating value (LHV), determined in accordance with [10], by means of the IKA C2000 calorimeter.
The dried samples of raw DDGS were tested by differential scanning calorimetry (DSC) analyses,
according to procedure and equipment described by Świechowski et al. [4] and the DDGS heat capacity
(cp, kJ·(kg·◦C)−1) was determined. The mass yield, energy densification ratio, and energy yield of CSF
were determined based on Equations (2)–(4) [11], respectively:

MY = mb/ma·100 (2)

where MY is the mass yield (%), ma is the mass of raw material before torrefaction (kg), and mb is the
mass of CSF after torrefaction (kg).

EDr = HHVb/HHVa (3)

where EDr is the energy densification ratio, HHVb is the high heating value of CSF (MJ·kg−1), and HHVa

is the high heating value of raw DDGS (MJ·kg−1).

EY =MY·EDr (4)

where EY is the energy yield (%), MY is the mass yield (%), and EDr is the energy densification ratio.

3. Results

3.1. CSF Properties

The DDGS torrefaction process carried under 260 ◦C and for 60 min was characterized by
high biomass conversion efficiency. The mean HHV and LHV of DDGS were 20.76 ± 0.45 and
19.53 ± 0.38 MJ·kg−1 d.m., respectively, while CSF was characterized by HHV and LHV at 27.03 ± 0.31
and 26.12 ± 0.27 MJ J·kg−1 d.m., respectively. The energy densification ratio was 1.3. The mass yield
was 77.3 ± 0.7%. In total, the energy yield reached 100.6%.

3.2. Conventional Bioethanol Plant Techno-Economic Model

The schematic below shows the simplified technological process of bioethanol production from
corn. It requires natural gas (for heat) and generates waste (a highly unstable, difficult to manage and
store byproduct, DDGS) (Figure 3).

Based on the model, ~358,245 tons of corn must be utilized per year to produce 123,984 tons per year
of denatured bioethanol. The corn is the main cost, accounting for ~$44M·y−1 (Table 2). The bioethanol
plant operation requires ~11,149 tons of natural gas to be utilized per year [1]. The cost of natural gas,
according to the current gas prices (Table 2), was ~$473K·y−1. The total costs of the bioethanol plant
production were ~$58.6M·y−1. The revenues from bioethanol was ~$49M·y−1 (Supplementary Materials,
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Economic analysis.xlsx, Table 2). Except for the bioethanol, DDGS is produced in the amount of
114,216 ton per year. Usually, it is consumed as an animal feed. According to current DDGS market
prices, the revenue value from selling the DDGS is ~$14.5M·y−1 (Table 2, Supplementary Materials,
Economic analysis.xlsx). Our calculations indicated that traditional bioethanol plant profit was about
$5M·y−1 (Table 2, Supplementary Materials, Economic analysis.xlsx).

 

Figure 3. A detailed breakdown of the processes in a conventional ethanol plant.

Concerning the environmental issues related to bioethanol production, the total emission of CO2

127,884 t CO2·y−1, consisting of the sum of natural gas use (30,659 t CO2·y−1) and fermentation process
(97,225 t CO2·y−1) (Supplementary Materials, Technoeconomic Model.xlsx).

3.3. Innovative Bioethanol Plant with the CSF Production Techno-Economic Model

We proposed to valorize DDGS by making fuel from it. Thus, the plant will become energy-neutral
by eliminating natural gas burning. An energy-neutral plant does not mean that there is zero additional
energy added to the system but rather that it is low and more sustainable, which is what our system
proposes. Usually, the bioethanol plant does not have its own electricity production unit and imports
the electricity from the grid. The new fuel produced (CSF) can be sold outside and create a new
revenue stream. Therefore, we proposed to apply the torrefaction process of DDGS, resulting in the
production of CSF, which can be reused for heating the bioethanol plant—‘heating’ for saccharification,
liquefaction, fermentation, ethanol distillation and WDGS drying (12.6% of CSF produced), and for
‘heating’ the torrefaction process (3.1% of CSF produced). The remainder 84.3% of CSF may be sold on
the solid fuel market and be a new source of revenues (Figure 4).
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Figure 4. A detailed breakdown of the processes in the proposed ethanol production system.

Accounting the mass yield of DDGS torrefaction 77.3%, the production of CSF should reach
88,289 t per year. The torrefaction of one ton of DDGS requires 624 MJ. It means that for the total mass of
DDGS, the energy demand on torrefaction is 71,270,784 MJ·y−1. Taking LHV of CSF to be 26.12 MJ·kg−1

d.m. to cover the DDGS energy demand, ~2729 t·y−1 of CSF must be utilized, i.e., as low as ~3.1%
of the total CSF production. Knowing that the bioethanol plant natural gas demand is 11,149 t·y−1

and that the LHV of natural gas is ~26 MJ·kg−1, ~11,098 t/year of CSF must be used to substitute
the natural gas, i.e., as low as ~12.6% of the total CSF production. Moreover, the substitution of
natural gas by CSF reduces CO2 emission by 30,659 t of CO2·y−1 (about 24% of the total CO2 emission).
Considering that CSF is a ‘green’ renewable fuel, the CO2 emission from CSF burning should not be
included in the CO2 balance. These calculations showed that ~84% (~74,462 t·y−1) of CSF might be
sold as a high-quality fuel. An additional benefit is that the savings from the natural gas substitution
by CSF reach ~$472K·y−1 (Table 3, Supplementary Materials, Economic analysis.xlsx).

Due to the very high biochar price used for calculations, the overall profit of the bioethanol plant
exceeded $185M.y−1, which is probably not realistic. Therefore, we estimated that the minimum price
for CSF above which the bioethanol plant has a similar level of profit as the conventional one is about
$188·t−1 (Supplementary Materials, Economic analysis.xlsx). The current market price for biochar is an
order of magnitude higher, exceeding $2600·t−1 [5]. It shows that new products such as CSF may allow
the replacement of natural gas and the creation of new, value-added products giving the perspectives
to be more profitable, therefore making the bioethanol industry more sustainable.

4. Discussion

Overall, the proposed solution increases the bioethanol production sustainability and profitability
due to synergy with the thermochemical treatment of DDGS (via torrefaction), reuse of part of the
produced CDDGS for covering all plant heat demand, replacing the need to purchase natural gas (fuel),
and creating a new revenue stream for a plant. The majority of biochar produced from DDGS can be
sold, and thus, be considered as a new revenue stream for a bioethanol plant.
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Ethanol plants are, therefore, faced with the question if the existing production line of the
bioethanol plant should be modified to include the DDGS torrefaction unit. The bioethanol industry
is a well-developed branch of the economy. However, it suffers from a frequent negative return rate
over the operating costs (Figure 5). That situation has been made worse by the COVID-19 pandemic,
when both bioethanol and corn prices dropped. Such a situation, when the existing system is suffering
from the significant drop of bioethanol and corn prices (lower revenues both for bioethanol plant and
farmers), is an opportunity for the implementation of innovations that under normal conditions would
not be considered by decisionmakers. There is also a question if such an innovative solution should be
integrated with the bioethanol plan or should be a separate unit.

 

Figure 5. Prices of ethanol (2015–2020) [12]. A red arrow indicates an example of the recent price drop
caused by the SARS-Cov-2 outbreak.

Haseli [13] created a model that can be used to provide a rough estimate of what the optimum
operating point and energy consumption is for a torrefaction plant. The goal was to create a tool that
could provide information on how to maximize net energy gain in a standalone and integrated model.
The data used was based on the study of two different types of wood, which is run in both scenarios and
used to determine what is the ideal energy consumption to produce the most mass of torrefied material.
Haseli [13] model of torrefaction integration with a power plant, suggest a downstream method that
requires a separate plant for the torrefaction. We are not proposing a downstream model like Haseli [13];
instead, we are proposing the direct modification of the original process of the dry-grind ethanol
production system, which would directly loop the torrefaction of the biological material into the system.
Therefore, by the implementation and integration of the torrefaction process with bioethanol plants,
there is a synergistic effect causing the increase of economic efficiency. Our model includes previous
research from our team on finding the ideal conditions for torrefaction, using DDGS instead of wood,
which would maximize the mass yield and calorific value of DDGS.

Kalyian et al. [2] developed a model of a process that integrated torrefied corn stover into the
ethanol production system. The goal was to assess whether there was the potential to reduce greenhouse
gas emissions through the integration of biomass torrefaction into industrial-scale businesses. Based on
the mass of corn stover collected in his model, which was 70% of corn stover per unit land area on
a biannual basis, it would be able to meet 42.8% of the steam demands of a dry-grind corn ethanol
plant in the US. It was found that this would result in a 40% reduction of greenhouse gas emission for
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corn-based ethanol when compared to gasoline. A paper by Kalyian et al. [2] has a primary focus on
the environmental impacts’ corn stover torrefaction provides.

Our idea differs from Kalyian et al. [2] in many instances. First and foremost is the choice of
biomass. Corn stover is known to be left in field post-harvest for the positive impact it has on the soil,
and this is addressed in [2]. Our choice of biomass (DDGS) would not be associated with concerns
about amending current agronomic practices that can have a comparably negative impact on soil.
In addition, we have found that with the amount of biochar produced from DDGS, we can cover the
total energy demands of an ethanol plant while maintaining a significant percentage of biochar left
over to be sold.

One of the challenges of the bioeconomy implementation is the overcoming of the problem of
high carbon footprint, sustainability, and energy efficiency of the biorefineries. This issue opens a
new niche for the ideas, interdisciplinary problem solving, and innovation in the wide field of the
bioeconomy. Schipfer and Kranzl [14] addressed the European Union to shift to a biobased system
as a means of reducing emissions and fossil fuel usage. The techno-economic evaluation of biomass
to the product uses two feedstocks, i.e., wood chips (beechwood) and wheat straw. This paper
addressed the possibility of integrating bioenergy into residential and industrial scales. Ortiz et al. [15]
performed a review of three different models for sugarcane-based biorefineries. The three options
were a conventional biorefinery, a biochemical platform that utilizes bagasse as a fuel for the system,
and finally, a thermochemical platform that utilizes gasification. Kumar et al. [16] addressed the
differences between the methods of producing conventional biochar (made from dry feedstock)
and hydrochar (made from wet feedstock). The generation of conventional biochar used pyrolysis,
torrefaction, flash carbonization, and gasification, whereas hydrothermal carbonization generates
hydrochar. The findings indicate that a higher energy density can be expected largely due to the lower
ash content in the produced hydrochar. In our study, we used conventional torrefaction, which has
higher TRL (Technology Readiness Level), i.e., it has already been implemented at the full scale with
wood [17], compared to the hydrothermal carbonization, i.e., still at the stage of R&D and prototyping.
However, the next step could be the execution of tests leading to hydrochar production from DDGS,
and modeling the influence on the bioethanol plant sustainability and profitability. Manouchehrinejad
and Mani [18] used pine wood chips as a feedstock for simulating an integrated biomass torrefaction
and pelletization (iBTP) plant for the production of solid biofuels. The simulation found that the
100,000 Mg·y−1 plant could become autothermal for torrefaction over 270 ◦C requiring 8.2~9 MJ·kg−1

for the production of torrefied pellets.
The proposed solution is an innovative creation of the new product biochar from DDGS,

which could be called CSF (Carbonized Solid Fuel), with the potential to be marketed for energetic and
agricultural applications.

The proposed invention may bring the following benefits:

(1) Elimination of natural gas purchase costs.
(2) A new source of revenue from selling the CSF.
(3) Improved the degree of independence from fluctuations in the raw materials market.
(4) Implementation of the ‘circular economy’ inside the bioethanol plant.

From a technical-economic point of view, the most important drivers for the development of the
bio-based industry are the economic impact and process sustainability [19]. These drivers include
the profitability of the company and the environmental performance of the products. Additionally,
the policy may be considered a significant driver with a secondary role, although it may become more
important in the future because policy acts at the end as a common channel for the demands of society
and the strategies of companies. During bio-products generation (bioethanol), part of the biomass will
be converted to waste stream—DDGS. This organic waste must be recycled. We propose, for the first
time, the implementation of a new solution based on valorization and biowaste recycling according to
the ‘waste to carbon’ and ‘waste to energy’ approaches. The wet organic waste is prone to decay and is
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difficult to store without drying (and additional energy input for drying is required). The concept of
the closing the biomass supply chain due to the torrefaction of DDGS for CSF production, its reuse for
the bioethanol plant heat demand covering, and its recycling to the agricultural or energetic purposes
falls into the “Roadmap of Transformation to Circular Economy” adopted by the Polish Government in
the 2019—a new policy regarding the circular economy, including the bioeconomy [20]. Torrefaction is
a technology that can serve as a basis for the development of other technologies, by acting as a
preprocessing technology prior to the use of other processes, whether for energy production or for
biorefineries for green chemicals. The use of torrefaction as a pretreatment technology allows the
gasification process to be much more efficient than when starting from thermally unprocessed biomass.
The production of more advanced forms of materials with high fixed carbon contents, such as charcoal,
coke, and activated charcoal, are also promising possibilities that will aid with the development of
new nanotechnology products, for example, by supplying carbon for the production of graphene,
or activated charcoal for the removal of toxic compounds [21].

Nowadays, the torrefaction of biomass is a developing technology. Still, due to the characteristics
of the resulting products, it generates the interest of the sector’s investors. From this perspective,
the potential development of biomass thermal conversion technologies, such as torrefaction and/or
carbonization, is considered promising regarding the utilization of new forms of biomass; namely,
the less environmentally-friendly, more abundant, and faster-growing forms, as is the case of shrub
plants [22] or DDGS as in the presented case. The torrefaction cannot yet be considered as a mature
technology, thus, a significant investment in R&D is still needed [22], including the integration with
bioethanol plant or other biorefineries.

We intended to present the proof-of-the-concept of such a synergistic combination of bioethanol
plant with DDGS torrefaction and biochar recycling. However, in this paper, we included the economic
model (Supplementary Materials, Economic analysis.xlsx) by inserting the process data related to the
ton of corn, where potential users could input their data of the mass of corn, from their bioethanol
plants to do the calculations of potential benefits from application of our idea. In the model, they can
input data about the mass of corn, mass of ethanol, mass of natural gas, mass of DDGS, and mass of
CSF. The model will calculate the final revenues considering all possible costs.

The presented model is the proof-of-the-concept, which should be further studied, including
scaling up the system, integration of the devices, life cycle assessment, and final feasibility study,
before the implementation.

5. Conclusions

The proposed solution is an innovative change in the bioethanol production scheme due to:

• Addition of a torrefaction unit for thermochemical treatment of DDGS and production of biochar
(CSF) characterized by the lower calorific value (LCV) < ~30 MJ·kg−1 and >19 MJ·kg−1;

• Substitution of natural gas (currently used as a heat source in a gas boiler) with CSF and incineration
in a solid fuel boiler. It can result in the monetary profits $473K·y−1 due to savings of the cost of
the natural gas that would no longer be needed. Depending on the market, when the price of the
CSF is higher than $188·t−1, the bioethanol plant could start to make a profit at a higher rate than
a conventional one.

• Use of heat generated from CSF incineration in solid fuel boiler for covering entire heat demands
of torrefaction unit and the heat demand of bioethanol production line (15–30% of the mass of
CSF and depending on LHV of CSF produced).

• In total, 70–85% of the CSF produced has the potential to be marketed for energetic, agricultural,
and other applications.

• The substitution of natural gas by CSF reduces CO2 emission by ~24% of the total CO2 emission
of the bioethanol plant.
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• The application of DDGS torrefaction and CSF recycling may be a source of the new, more valuable
revenues and bring new perspectives to the bioethanol industry to be more sustainable and
profitable, including during the COVID-19 (or other diseases) pandemic and other extreme
market conditions.

6. Patents

The early version of the work described in this manuscript was submitted to Iowa State University
as an Invention Disclosure [23] Koziel, J.A., S. O’Brien, C. Banik, A. Bialowiec. Energy-neutral bioethanol
production plant. Iowa State University. Invention Disclosure Docket No. 05017. (Submitted on
9 October 2019).

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/17/4528/s1,
Technoeconomic Model.xlsx, and Economic analyses.xlsx.
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