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The combustion performance of a bio-solid waste from a wastewater treatment plant

was studied in terms of efficiency and gaseous emissions, by carrying out experiments

in a bubbling fluid bed unit and was compared with that of an agricultural waste. The

effects of excess air and fuel feeding rate were investigated and a factorial design and

modeling was developed in order to provide optimal values of process variables for

minimizing emissions. The results showed that sewage sludge fuel burned at a much

lower temperature than the woody fuel. CO emissions were low, SO2 emissions from the

agricultural waste negligible, while those of sewage sludge exceeded legislation limits

when excess air was below 50%. An increase in excess air from 30 to 50%, or of fuel

feeding rate from 0.48 to 0.6 kg/h, resulted in higher NOx emissions from the woody

fuel, exceeding emission guidelines. Concerning SO2 and NOx emissions from sewage

sludge fuel, the effect of feeding rate was the same, however that of excess air was

opposite, reducing their levels in flue gases. Combustion efficiency for both fuels was

high, between 98.5 and 99.6%. Factorial design analysis and modeling indicated that for

the woody fuel the optimum emission performance was accomplished when the feeding

rate was 0.48 kg/h and the excess air 30%. For the sewage sludge fuel the optimum

combustion and emission performance was achieved when the feeding rate was 0.72

kg/h and the excess air 50%.

Keywords: sewage sludge, fluidized bed, combustion, emissions, modeling

INTRODUCTION

The ever increasing quantities of urban wastes, which are generated by every social activity, are
becoming matter of public concern, due to environmental and human health impacts. Sewage
sludge generated by municipal wastewater treatment plants is produced in large quantities in
modern industrialized countries. In European Union, wastewater treatment plants produce up to
∼30 kg dry sludge per capita yearly (Van Caneghem et al., 2012). In Greece, about 120,000 tons,
equivalent to 0.025 Mtoe, are annually produced (Panoutsou et al., 2009). Land disposal is not only
an environmental issue, but also a non-viable solution, due to the limited number of available sites
and the high cost. The progressive decrease of sewage sludge use in agriculture, due to pathogens
and toxic heavy metals, further stimulates the investigation for alternative disposal methods. The
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Waste Framework Directive has set the hierarchy that energy
exploitation precedes deposition in landfills, for the sustainable
management of such urban wastes (Van Caneghem et al., 2012).
In this context, thermal treatment for energy production is
an attractive solution, by destroying hazardous constituents,
reducing the disposal volume of these wastes and increasing
economic returns to urban communities.

Combustion and co-combustion are currently considered the
most suitable processes for the implementation of sewage sludge
in power systems, contributing also to the net reduction of CO2

emissions to the atmosphere, due to its biogenic nature. Among
combustion technologies, fluidized bed is most promising, due
to its inherent advantages, such as fuel flexibility, good mixing
and relative low temperature, high efficiency, low pollutant
emissions, and destruction of pathogens (Werther and Ogada,
1999; Van Caneghem et al., 2012; Vamvuka and Alloimonos,
2017; Vamvuka et al., 2017).

The two-fold nature of sewage sludge, a biogenic component
associated with an inorganic component, the variable
composition unlike other biomass materials, the high moisture
and volatile matter contents, or the presence of problematic
elements in ashes, imply a thorough investigation of its behavior
in thermal systems. Most researchers have focused on the
co-combustion of sewage sludge with coal in fluidized bed
systems and some in pulverized coal units (Murakami et al.,
2009; Wiechmann et al., 2013; Zhu et al., 2015; Kumar and
Singh, 2017). For most power plants, a sewage sludge content
ranging up to 5% of fuel mass has proven to be a viable solution
(Hroncova et al., 2018). Emission characteristics of organic
compounds (Zhang et al., 2013) and heavy metals (Cenni

FIGURE 1 | Schematic diagram of the fluidized bed system.

et al., 1998; Lopes et al., 2003), as well as the eco-toxicological
properties of ashes (Barbosa et al., 2009) have been evaluated.
Also, oxy-fired fluidized bed combustion, to control CO2

emissions, was found to give some significant results (Jang et al.,
2016; Kumar and Singh, 2017).

Despite several sewage sludge combustion units already exist
(Syed-Hassan et al., 2017), there is still a lack of fundamental
understanding of the basic mechanisms of sewage sludge
conversion in fluid beds (Urciuolo et al., 2012) and there is a
need to study how the different characteristics of such waste
fuels influence feeding, primary and secondary air required,
temperature profiles, physico-chemical changes of sewage sludge
particles during combustion, flue gas emissions, effect of ashes
on system performance, and combustion efficiency. Based on
the above discussion, present work aimed at investigating
the thermal valorization of sewage sludge from a wastewater
treatment plant in the island of Crete, through combustion in a
bubbling fluidized bed unit. The combustion of an agricultural
waste, abundant in South European countries, namely olive
stone, was also tested under the same conditions in the fluid
bed system, aiming to evaluate its performance as a co- fuel
with sewage sludge for future applications. Thermal behavior,
gaseous emissions, and efficiency were determined as a function
of excess air and reactor loading. Furthermore, a three-level
factorial design of experiments in conjunction with the response
surface methodology, based on fuel properties and operating
conditions was developed, in order to provide optimal values
for minimizing emissions. This wide accepted methodology uses
statistical techniques to estimate the effect of process parameters
(feed rate and excess air), to response variables (emissions).
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TABLE 1 | Proximate and ultimate analyses and calorific value of the samples (% dry weight).

Sample Volatile matter Fixed

carbon

Ash C H N O S Cl GCVa

(MJ/kg)

Olive stone (OS) 73.6 19.3 7.1 49.7 6.6 2.0 34.3 0.33 0.06 20.8

Sewage sludge (SS) 67.2 15.6 17.2 42.4 6.7 8.1 23.9 1.7 0.01 18.8

aGross calorific value.

FIGURE 2 | Temperature profiles of the fuels along the reactor height at

F = 0.72 kg/h and λ = 1.4.

Present results are expected to be useful for future application of
these waste materials in local thermal processes.

EXPERIMENTAL

Raw Materials and Characterization
The raw materials selected for this study were one agricultural
waste olive stone (OS), as being abundant in the region of Crete
and South Europe in general and one bio-solid, sewage sludge
(SS), from the wastewater treatment plant of the city of Chania,
in Crete. After air drying (moisture content as received: SS 70%,
OS 5%), the materials were ground and sieved to a particle size of
1–2.8mm. Before being used in combustion tests, the fuels were
pre-dried overnight in the oven (for larger scale units the fuels
could be dried by the flue gases).

After homogenization and riffling, fuel analyses were
performed according to the European standards. A Na-feldspar
NaAlSi3O8 with an average particle size of 283µm, known to
diminish agglomeration problems (Vamvuka et al., 2016), was
used as inert bed material of the fluidization reactor.

Combustion Experiments
Combustion experiments were carried out in an atmospheric
lab-scale bubbling fluidized bed reactor (Figure 1) with an inner
diameter of 70mm and a total height of∼2m, described in detail
in a previous study (Vamvuka et al., 2016). The principal parts

FIGURE 3 | Flue gas emissions, average (± standard error), of fuels, at

F = 0.72 kg/h and λ = 1.4.

of the reactor are 2 silos with screw feeders, one dosimetric and
one for delivering the fuel fast 2 cm above the diffuser into the
bed (equipped with a water jacket), reactor body equipped with
controlled heating furnace, seven K-type thermocouples and a
differential pressure transducer, a tangential flow type cyclone, a
gas heat exchanger, a tar condenser, and a multi-component gas
analyzer MadurGa-40plus with conditioning unit. Product gases
were analyzed for CO2, CO, O2, SO2, and NOx contents every
5 s by the analyzer. Each emission measurement was estimated
as the mean value (m) of ∼50 successive readings. Furthermore,
the standard error of the measurement was estimated from
the calculated standard deviation (s) at 95% confidence level.
These uncertainties are shown as error bars in the constructed
relevant diagrams.

Theminimum fluidization velocity (0.12 m/s) was determined
by measuring the pressure drop across the bed and air diffuser
plate vs. the superficial air velocity, using a cold reactor model.
The preheating temperature of air was ∼550◦C. For each fuel,
feed rate and excess air were selected as the principal independent
variables. Feed rates varied between 0.48 and 0.72 kg/h and excess
air ratios between 1.3 and 1.5. At the end of each run, fly ash and
bed material were drained, weighed and analyzed for unburned
carbon, while the latter was sieved to remove ash and attrited
particles and made up with fresh feldspar prior to be used in the
following test. During the experiments no signs of agglomeration
were observed. The results were the average of two replications.
All data was displayed and logged on a computer via a data
acquisition unit.
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Factorial Design and Modeling
A full factorial experimentation was adopted to investigate how
the changes in process factors (feed rate and excess air) affect
the response variables (CO, SO2, and NOx emissions). The feed
rate and the excess air ratio were studied in three levels: 0.48,
0.6, and 0.72 kg/h and 1.3, 1.4, 1.5, respectively. This type of
experimentation results in 9 different combinations for each fuel
(OS and SS).

For the evaluation of such factorial design experimental
results, the methodology suggested by Myers (1999) and Myers
and Montgomery (2002) was used. This includes the estimation
of the main effects and interactions of process factors on the
response variables, as well as the development of polynomial
models, linking response variables with process factors. Themain
effect of a process factor is estimated as the difference between the
response of a factor at the high level and at the low level, when all
other factors are adjusted at their central values (midway between
their low and high levels). The interactions between two factors
express the additional effect of one factor, when the other one is
held at its high level. Interactions occur when the effect of one
factor is different at various levels of the other factor. For each
experiment, the response was calculated from a great number of
data. The average value and the average error were also estimated.

RESULTS

Fuel Characterization
Proximate and ultimate analyses of the two fuels are compared
in Table 1. Both fuels were rich in volatile matter, however the
higher content of ash and lower of carbon for sewage sludge
resulted in a lower calorific value. The gross calorific value of
these materials was significant and comparable to the upper limit
of low rank coals. Chlorine content, related to corrosion and
fouling was low, in contrast to nitrogen and sulfur contents
of sewage sludge, which were high, revealing increased oxide
emissions during combustion.

Axial Temperature Profiles, Flue Gas
Emissions, and Combustion Efficiency at
Fixed Operating Conditions
Temperature Profiles
Figure 2 depicts the temperature profiles along the reactor height
at a feeding rate of 0.72 kg/h, an excess air ratio λ = 1.4 and
steady state conditions. As can be observed, olive stone and
sewage sludge behaved differently. Although both fuels reached
a maximum temperature just 30mm above the air diffuser within
the bed, due to volatiles combustion, olive stone having higher
carbon content and calorific value whereas lower content of ash
(Table 1), burned at a much higher temperature, 849◦C against
787◦C for sewage sludge, which decreased rapidly toward the end
of the expanded bed (>250mm), as the heat transfer rate between
the dense phase and the freeboard was higher in this region. Olive
stone temperature gradually decreased in the freeboard zone and
in the conical section of the furnace (not shown in the graph)
reached a value of 400◦C. On the other hand, the temperature
profile of sewage sludge was almost uniform along the reactor

(775–787◦C), indicating that volatiles were released at a lower
rate than olive stone and burned together with char. In the conical
section sewage sludge attained a temperature of 440◦C.

Flue Gas Emissions
The emissions of pollutant gases (average values ± standard
error) at a feeding rate of 0.72 kg/h and excess air ratio λ= 1.4 are
presented in Figure 3. The estimated standard error, expressed
as relative error, was 4–5% for all measured emission gases.
CO levels were kept well below legislation limits for small units
(Hellenic Organization for Standardization, 2011; Jin et al., 2013).
The lower concentration of CO emitted from olive stone is owned
to the higher combustion temperature of this fuel. The higher
emissions of CO from sewage sludge are attributed to the lower
reactor temperature in this case, the carryover of particles into the
freeboard resulting in insufficient time for CO to be oxidized in
the upper part of the furnace and possibly the higher ash content
of this fuel as compared to olive stone, which could weaken
oxygen diffusion to the particles.

SO2 level for olive stone was practically null, due to the
low sulfur content of this sample, while that for sewage
sludge exceeded emission guidelines (FEK, 2005). Consequently,
primary or secondary measures, such as use of sulfur absorbent
materials within the bed, or flue gas cleaning should be taken to
meet legislation.

As concerns NOx emissions, Figure 3 shows that despite the
greater amount of fuel-N of sewage sludge sample, NOx values
of olive stone were higher and somehow over allowed limits for
small units (Hellenic Organization for Standardization, 2011).
This behavior can be explained by the fact that for waste biomass
materials, such as sewage sludge, nitrogeneous compounds,
mainly NH3 and HCN or hydrocarbon radicals evolving during
thermal treatment, create a reducing environment diminishing
NOx formation (Van Caneghem et al., 2012; Jin et al., 2013;
Vamvuka et al., 2016). Therefore, in this case several measures
such as air staging, flue gas recirculation or flue gas treatment are
required to meet emission standards.

Combustion Efficiency
The combustion efficiencies of the materials studied presented in
Table 2 are seen to be high, ranging between 98.7 and 99.5%.
These values were controlled by the CO levels in flue gases,
which represented the principal heat losses due to incomplete
combustion of gases in the freeboard zone (LCO). Thus, olive
stone, which was burned at a higher temperature and had lower
CO emissions, attained a higher efficiency than sewage sludge.
Furthermore, it can be observed that combustion loss deduced
from the fly ash (Lfa) had the largest portion in the total loss in ash
(loss from bottom ash Lba and fly ash Lfa). However, heat losses
due to unburned carbon in ashes had a minor effect on efficiency.

Axial Temperature Profiles, Flue Gas
Emissions, and Combustion Efficiency at
Various Operating Conditions
Temperature Profiles
The axial temperature distribution along the reactor as a function
of stoichiometric air ratio λ is represented in Table 2. As can be
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TABLE 2 | Fluidized bed combustion performance of fuels at different excess air ratios and feed rate 0.72 kg/h.

Sample Excess air

ratio λ

Bed temperature

(◦C)

Freeboard temperature

(◦C)

Flue gas emissions (ppmv) Heat losses (%) Efficiency η (%)

CO SO2 NOx LCO Lba Lfa

OS 1.3 841–860 458–795 347 – 157 0.37 0.02 0.06 99.55

1.4 833–849 400–792 423 – 196 0.46 0.01 0.06 99.47

1.5 820–845 434–784 433 – 197 0.47 0.03 0.10 99.40

SS 1.3 838–843 491–825 992 381 264 1.07 0.02 0.03 98.88

1.4 784–787 440–775 1,188 290 143 1.27 0.01 0.03 98.69

1.5 785–788 386–781 1,287 97 66 1.38 0.04 0.05 98.53

TABLE 3 | Fluidized bed combustion performance of fuels at different feed rates and excess air ratio 1.4.

Sample Feed rate

F (kg/h)

Bed temperature

(◦C)

Freeboard temperature

(◦C)

Flue gas emissions (ppmv) Heat losses (%) Efficiency η (%)

CO SO2 NOx LCO Lba Lfa

OS 0.48 781–787 386–776 820 0.2 115 0.88 0.04 0.05 99.03

0.60 824–845 400–806 410 – 288 0.44 0.04 0.06 99.46

0.72 833–849 400–792 423 – 196 0.46 0.01 0.06 99.47

SS 0.48 793–794 347–795 1,151 221 139 1.23 0.05 0.02 98.70

0.60 790–791 398–786 1,229 247 151 1.32 0.03 0.03 98.62

0.72 784–787 440–775 1,188 290 143 1.27 0.01 0.03 98.69

observed, when excess air ratio was increased from 1.3 to 1.5
combustion temperature within the bed and the freeboard was
lowered for both fuels, due to the dilution effect of excessive air,
which caused flue gas cooling. The drop in temperature for olive
stone was up to 21◦C, however for sewage sludge it was higher,
up to 58◦C. Thus, when air velocity was lower (at λ = 1.3), the
residence time of sewage sludge fuel within the bed was greater
and the fuel burned at a higher temperature (843◦C).

Furthermore, Table 3 shows that when the feeding rate of the
fuels was raised, at constant excess air percentage, combustion
temperature of olive stone increased up to 68◦C, while that of
sewage sludge decreased by ∼10◦C in the bed. This behavior
reveals that a higher reactor loading with sewage sludge fuel,
the content of which in ash was high, created a fuel-rich zone
within the bed, which lowered oxygen concentration to the
particles, resulting in reduced burnout and consequently a drop
of temperature.

Flue Gas Emissions
As concerns flue gas emissions, Figure 4 illustrates that when
excess air was increased CO levels were higher, due to the
temperature reduction in the furnace, as previously shown. All
values were below legislation limits (Hellenic Organization for
Standardization, 2011; Jin et al., 2013). For olive stone SO2

emissions were negligible, even when the amount of air was
increased. Also, NOx emissions increased with excessive air,
pointing to a fuel- NOx formation mechanism. On the other
hand, for sewage sludge fuel both SO2 and NOx emissions
decreased, when excess air ratio was raised from 1.3 to 1.5. This
drop was most probably attributed to the lower combustion
temperatures attained in the reactor in this case (about 55◦C

lower, as Table 2 shows), which counteracted the formation of
sulfur and nitrogen oxides. The values obtained at λ = 1.3
and λ = 1.4 exceeded emission guidelines (EC, 2001; Hellenic
Organization for Standardization, 2011) and several measures
should be taken, such as use of sulfur absorbents for SO2 and air
staging, flue gas recirculation or flue gas treatment for NOx.

The effect of reactor loading on pollutant emissions is shown
in Figure 5. As can be seen, CO levels in flue gas were dependent
on combustion temperature. Thus, for olive stone, by increasing
the feed rate the CO concentration was reduced, due to the higher
temperatures and improved burnout of the fuel. For sewage
sludge fuel, where the temperature difference between low and
high feeding rate was small, CO levels were similar. Moreover,
Figure 5 indicates that when feed loading was raised from 0.48 to
0.6 kg/h, SO2 and NOx emissions were higher, as they originated
from the sulfur and nitrogen content of the fuel. The mitigation
of NOx production at the higher feed rate (0.72 kg/h) is most
probably attributed to the greater amount of volatiles fed with the
fuel in this case, which created an oxygen-lean zone suppressing
NOx formation. All CO values recorded were in accordance
to guideline limits (Hellenic Organization for Standardization,
2011; Jin et al., 2013), however those of SO2 for sewage sludge fuel
and NOx for olive stone fuel at loadings higher than 0.48 kg/h,
were outside legislation limits (EC, 2001; Hellenic Organization
for Standardization, 2011).

Present gaseous emission values could not be directly
compared to literature data, not only due to different
experimental equipment and conditions, but also due to
the fact that sewage sludge has been mainly studied for co-
combustion with coal or other biomass fuels. Some results on the
combustion of semi-dried sludge in a semi-pilot scale fluidized
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FIGURE 4 | Effect of excess air ratio on average (± standard error) flue gas

emissions of (A) OS and (B) SS fuels at F = 0.72 kg/h.

bed fed with 3 t/h (Sanger et al., 2001), showed NOx emissions
to vary between 50 and 500 mg/m3 for 11% O2 in flue gas. In
another investigation (Cammarota et al., 2013), where sewage
sludge was conditioned with polyelectrolytes or inorganics,
for feed rates about 1 kg/h and λ = 1.5, CO emissions varied
between 700 and 1,300 ppm, SO2 emissions between 700 and 750
ppm, and NOx emissions between 250 and 2,400 ppm at about
7% O2 in flue gas. Combustion efficiencies ranged between 98.7
and 99.5%.

As concerns olive stone, the most relevant publication for
olive cake (Akpulat et al., 2010) reported, for feed rate 1.3 kg/h
and λ = 1.2–2.5, CO emissions ∼3,000–11,000 mg/m3, SO2

emissions ∼50–750 mg/m3, and NOx emissions ∼500–1,500
mg/m3 at 6% O2 in flue gas. Generally, CO and NOx values
of present study were similar or lower to those reported for
other biomass fuels burned in small-scale fluidized bed units,
which varied between 100 and 23,000 ppm (Khan et al., 2008;
Akpulat et al., 2010) and 100–1,200 ppm (Madhiyanon et al.,
2010; Arromdee and Kuprianov, 2012), respectively.

Combustion Efficiency
By comparing efficiency values in Tables 2, 3 it can be seen that
variations with excess air or fuel feeding rate were small, as the

FIGURE 5 | Effect of fuel feed rate on average (± standard error) flue gas

emissions for (A) OS and (B) SS fuels at λ = 1.4.

principal heat losses due to incomplete combustion of flue gases
in the freeboard area (LCO) were very low. Unburned carbon in
fly ashes (Lfa) was higher than that of bottom ashes (Lba), but
still minor. The higher temperatures attained in the reactor, at
diminishing excess air, resulted in lower heat losses for both fuels,
leading to improved burnout and higher efficiency. The same was
true for the lower feed rate in the case of sewage sludge, whereas
the higher feed rate in the case of olive stone fuel. Nevertheless,
all values were high and ranged from 98.5 to 99.6% under the
conditions studied.

Factorial Design Analysis and
Optimization Model
The estimated values of main effects and interactions of the
process variables (feed rate, excess air) on the CO, SO2, and NOx

emissions for both fuels are given in Table 4. The effects on SO2

emissions were estimated only for sewage sludge, since for olive
stone were negligible.

Results clearly indicate the strong negative effect of feed rate
(A) on CO emissions for olive stone. In contrast, for sewage

Frontiers in Energy Research | www.frontiersin.org 6 May 2019 | Volume 7 | Article 43

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Vamvuka et al. Combustion Performance of Sludge

TABLE 4 | Main effects and interactions of feed rate (F) and excess air (λ) on the emissions (CO, NOx, and SO2) for both fuels.

Process factor Olive stone (OS) Sewage sludge (SS)

Effect on

CO (ppmv)

Effect on NOx (ppmv) Effect on

CO (ppmv)

Effect on NOx (ppmv) Effect on SO2 (ppmv)

A: feed rate (kg/h) −331.6 66.5 10.2 16.1 39.1

B: excess air ratio (λ) 243.3 36.6 204.9 −197.7 −180.3

AB −243.1 1.6 73.8 −61.2 −93.6

AA 272.9 −289.6 −175.0 −150.4 57.2

BB −89.7 −7.5 −27.8 91.2 −78.2

FIGURE 6 | Response surface plot showing the effect of feed rate (F) and excess air ratio (λ) on NOx emissions of OS fuel.

sludge the feed rate had a slight positive effect on CO emissions.
Feed rate had positive effect on NOx emissions for both fuels.
Regarding the excess air ratio (λ), it had a strong positive effect
on CO and NOx emissions for olive stone. In the case of sewage
sludge, it had also a strong positive effect on CO emissions, but
a negative one on NOx emissions. As far as SO2 emissions are
concerned, from Table 4 it is clear that the excess air ratio λ was
the dominant factor that affected SOx emissions (strong negative
effect), followed by the feed rate (positive effect). The interaction
(AB) and the higher order effects (AA and BB) of feed rate
and excess air ratio were significant, indicating the non-linear
relations between the process factors and the response variables.
The regression equations of the fitted empirical models, which
relate response with process factors, are:

For olive stone:

CO = −14305.3+ 1429.72F+ 19856.5λ + 9474.5F2

−10129.2Fλ − 4486.67λ2

NOx = −4424.6+ 12250.3F+ 1192.8λ − 10055.6F2

+ 66.7Fλ − 375.0λ2

For sewage sludge:

CO = −2541.1+ 3029.2F+ 3071.3λ − 6076.4F2

+3075.0Fλ − 1390.0λ2

NOx = 6453.9+ 9903.9F− 12226.7λ − 5222.2F2

−2550.0Fλ + 4560.0λ2

SO2 = −8828.2+ 3242.4F+ 12387.9λ + 1986.1F2

−3902.1Fλ − 3910.0λ2

where: emissions CO, NOx and SO2 are in ppmv, λ = excess air
ratio, and F= Feed rate in kg/h.

The above regression equations were used to determine
the optimal values of F and λ, which minimize emissions.
For olive stone fuel, CO emissions were significantly lower
to the permissible national limits (Hellenic Organization for
Standardization, 2011), thus the goal of the optimization was
to minimize NOx emissions. Figure 6 presents the variation
of NOx emissions over the examined region of F and λ. The
combination of F and λ which minimized NOx emissions is
F= 0.48 kg/h and λ = 1.3. On the other hand, for sewage sludge
fuel the goal of optimization was to minimize simultaneously
SO2 and NOx emissions. CO emissions for SS were also below
the permissible limits. Figure 7 shows the variation of SO2

and NOx emissions over the examined region of F and λ.
SO2 and NOx emissions show similar variation within the
examined region, as a result of their strong positive correlation
illustrated in Figure 8. Thus, the minimization of NOx led also
to the minimization of SO2. The combination of F and λ,
which minimized simultaneously NOx and SO2 emissions is
F = 0.72 kg/h and λ = 1.5.

Frontiers in Energy Research | www.frontiersin.org 7 May 2019 | Volume 7 | Article 43

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Vamvuka et al. Combustion Performance of Sludge

FIGURE 7 | Response surface plot showing the effect of feed rate (F) and excess air ratio (λ) on (A) NOx and (B) SO2 emissions of SS fuel.

FIGURE 8 | Correlation plot between SO2 and NOx emission for SS fuel.

CONCLUSIONS

During fluidized bed combustion tests, olive stone fuel burned

mostly within the bed, while sewage sludge fuel burned uniformly

along the reactor column at a lower temperature by about 60◦C.

CO levels in flue gases were well below legislation limits, with
those of sewage sludge being higher due to the reduced reactor
temperatures. SO2 emissions from olive stone were negligible,
whereas those of sewage sludge exceeded legislation limits, except
when excess air was high (50%) and the temperature reduced.
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However, NOx emissions followed the opposite trend, even
though olive stone had lower nitrogen content.

CO levels in flue gases were strongly dependent on
combustion temperature and increased with excess air, due to
gas cooling. An increase in excess air from 30 to 50% or of
the feeding rate from 0.48 to 0.6 kg/h resulted in higher NOx

emissions from olive stone pointing to a fuel-NOx formation
mechanism. Values at loading higher than 0.48 kg/h were outside
emission guidelines. However, although the effect of feeding
rate was the same for sewage sludge fuel too as concerns SO2

and NOx emissions, the effect of excess air ratio was opposite,
reducing SO2 and NOx concentrations in flue gases, because
the reactor temperature was quite low in this case. Combustion
efficiencies for both fuels were high (98.5–99.6%), as heat losses
were very low.

According to the factorial design analysis, the optimum
emission performance was achieved in the case of olive
stone fuel, when the combustor was operated at reduced

loading and excess air ≤30%. For sewage sludge the
optimum emission performance was achieved when the
combustor was operated at higher loading and excess
air 50%.
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