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ABSTRACT: The concept of scrubber effluent recirculation has
recently received attention in connection to NOx emission control.
Here, we present data from an industrial-scale MSW-fired plant,
where effluent from a combined NOx and SOx scrubber was
recirculated and injected into a grate-fired boiler. The combustion
characteristics were carefully studied during the injections to
observe the potential effects on burnout and flue gas composition.
In addition, deposition measurements were performed to observe
effects on growth rate and chemical composition of deposits, which
are critical factors for any solid fuel-fired heat and power plant. The
recirculation of the nitrogen-rich waste streams was performed via
pre-existing liquid injection equipment, and the results show that
the N-containing compounds in the scrubber effluent were efficaciously reduced to inert nitrogen gas. Furthermore, the recirculation
of the scrubber effluent may reduce ammonia demand for selective non-catalytic reduction systems by inhibiting the formation of
ammonium chloride. Sulfur and alkali components in the effluent increased the deposition growth rate and also changed the
chemical composition of the deposits. Understanding how the local conditions at the injection point influence the distribution and
speciation of the injected compounds is essential for a successful recirculation strategy.

1. INTRODUCTION

Multi-pollutant emission control has received increased
attention in recent years due to the increased simplicity,
minimized area requirement, and reduced operational cost.1 In
our recent work,2 simultaneous removal of SOx and NOx by
wet absorption in a scrubber has been demonstrated in a
commercial-scale waste-to-heat plant. The technology showed
promising results in terms of removal rates: ∼90% of NOx and
>99% of SOx, which is comparable to the removal rates of
technologies listed by the EU as the best available technology.3

However, treatment of the scrubber effluent was identified as
key to the process economics2 due to high disposal costs.
Discharge of the scrubber effluent has been questioned
recently, in particular, open discharge of untreated effluent,
which represents only a shift of burden between air and
water.4,5 Typically, the scrubber effluent from a waste-to-
energy plant is managed by physiochemical treatment,
evaporation, or valorization, depending on the plant size and
market conditions.6 For large facilities, such as pulp and paper
plants, the scrubber effluent can be proficiently treated by the
existing wastewater infrastructure.7 However, for small- and
medium-scale plants, it is difficult to justify the large
installation cost associated with wastewater treatment.

One solution investigated in this work is to recirculate the
scrubber effluent to the boiler. Recirculation of the effluent is
commonly used to reduce discharge costs and water
consumption as well as for combustion control purposes, but
has, to our knowledge, not yet been widely implemented for
scrubber effluents. The most important factor to consider with
effluent recirculation is the impact on the process equipment
and boiler environment. Multi-pollutant scrubber effluents
typically contain alkali, which is known to cause deposition and
corrosion problems. This relates to corrosion damage on
heating surfaces, which is generally the main concern during
heat and power generation.8 On the other hand, the injection
of sulfur-rich liquids may reduce corrosion caused by chloride
deposits as sulfur may react with the alkali to form alkali
sulfates, which are less problematic than alkali chlorides
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regarding corrosion.9,10 Such systems have been implemented
at commercial-scale facilities (for example, the sulfur
circulation concept was recently demonstrated at full scale
by11). However, the recirculation of the scrubber effluent at
commercial-scale incineration plants is uncommon due to the
potentially malign effects by the inorganic constituents and the
large capital value of the industrial equipment. The conceivable
corrosion and fouling damage overshadow any possible
beneficial factors of nitrogen reduction, and an improved
understanding of the transformation and partitioning of the
inorganic constituents is required to improve the industrial
uptake of the proposed recirculation scheme.
There have been numerous studies investigating individual

interactions between alkali, N, and S during combustion of
solid fuels, with a focus on the influence of volatile matter
released from the fuel itself.12−17 It has been shown that these
species can not only interact with each other but might also
influence fuel oxidation.18 However, most of the available
literature is based on results from single additives, and the
combined effect of adding a multicomponent liquid to the
primary reactive zone is not known. Injecting a scrubber
effluent containing alkali, N, and S components would create
an additional source of active species and introduce a different
type of interaction. Vaporization of the injected liquid and
potential transformation to gaseous species might differ from
the release pattern of the fuel, which could also result in a
different impact on the combustion. There are some studies
available on the influence of liquid injection on combustion
and emission formation. It has, for example, been shown that
the injection of KCl (aq) in a propane flame can both influence
fuel oxidation and depress the formation of NO. It was also
shown that the effect of injection could change from inhibiting
to promoting, depending on the combustion conditions.19,20

Another study focused on the recirculation of a liquid
containing H2SO4 in a full-scale waste-to-energy plant.21 It
was found that it had a clear effect on the aerosol and

deposition formation in terms of reduced corrosion and the
deposition growth rate. The results from these studies on
liquid injection have not provided enough information to
conclude on the influence of liquid injection in general.
However, they do show that the effect of injecting a spent
liquid containing alkali, N, and S, such as the one obtained
from the combined SOx and NOx scrubbing process, can be
assumed to impact the combustion, emission, and deposition
formation. The possible influence on NOx formation is of
particular interest as it opens up possibilities to explore thermal
treatment of nitrogen-rich waste streams. In addition to
experimental studies, numerical simulations on NOx behavior
may also be useful to find an optimum strategy for thermal
treatment of the scrubber effluent.22−24

This work describes the first of its kind, large-scale
recirculation tests by injecting the scrubber effluent containing
high levels of sulfate, nitrite, and sodium into a municipal solid
waste (MSW)-fired boiler. The proposed scheme, if successful,
will eliminate the need for additional treatment of scrubber
effluents by converting NOx to N2 and the sulfur components
to form either SO2, which would have a positive effect on the
consumption of scrubber chemicals2,25 or alkali salts, which in
the best case could reduce deposits of chlorides in the boiler.
The aim of this work is to decide on the feasibility of the
proposed concept and to identify eventual detrimental effects
by the recirculated effluent by assessing the influence on
combustion, the fate of nitrogen and sulfur compounds, and
the effect on depositions.

2. METHODOLOGY
The recirculation experiments were performed at a commercial
waste-to-heat plant located in Avesta, Sweden. The plant
operates on a grate-fired hot water boiler with a flue gas
condenser and has an installed capacity of 25 MWth. A
schematic outline of the plant flue gas pass, including a
combined NOx and SOx scrubber installed during a previous

Figure 1. Schematic of the 25 MWth waste-to-energy plant, including the recirculation streams from the scrubber and condenser. Measurement
positions 1−3 are used for the gas composition and position 2 for deposition analysis. Ca(OH)2 and activated carbon are added to the bag filter to
remove acid gases and mercury, respectively.
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slipstream campaign, is shown in Figure 1. The schematic
outline is based on the scrubber concept with NO oxidation by
chlorine dioxide (ClO2) as demonstrated in our previous
work.2 This work, however, is focused on the injection of the
scrubber effluent and should also be applicable to other
scrubber concepts or nitrogen-rich waste streams.
During normal operation, the plant operates with

recirculation of flue gas condensate. The liquid recirculation
system injects the liquid into the boiler using three lances and
is used for both the disposal of flue gas condensate and boiler
temperature control. The fuel mainly consists of household
waste, together with a smaller share of industrial waste. There
are multiple suppliers of household waste from different
countries, and the composition varies depending on the source.
This leads to large variations in fuel composition both in terms
of minutes and days. It was not possible to obtain a
representative fuel analysis during the measurements. How-
ever, according to the specification of acceptable waste, the
heating value can range from 9 to 15 MJ/kg and have a
maximum moisture, ash, and nitrogen content of 40, 20, and
1% (by weight), respectively. The measurements were
performed during a two day period of normal boiler operation,
meaning that the boiler had to adjust its load following the
demand for heat. However, during the recirculation of the
scrubber effluent and the transition between different cases, the
plant operators used the thermal capacity of the district heating
grid to keep load variations at a minimum (<1 MW).

The spray injection system installed 3 m above the grate is
used to inject the recirculated flue gas condensate under
normal process conditions. The injection point and boiler
dimensions are illustrated in Figure 2. The estimated gas
residence time, assuming plug flow, is grate, 0 s; spray injection
point, 1.4 s for measurement position 1 and 2.3 and 6.6 s for
measurement positions 2 and 3, respectively. The estimated
residence time is based on plug flow calculations using the
entire cross-section throughout the boiler. Such a flow pattern
is not in absolute agreement with reality, especially the volume
immediately above the grate, where we expect the least
uniform flow profile.
During the test campaign, the scrubber effluent from the

pilot scrubber was recirculated using this existing spray
injection system by simply switching between the liquid
supplies. Thus, it was possible to promptly change the liquid
injection back and forth between the conventional operation
with the condensate and the operation with the recirculated
scrubber effluent. Seven operational conditions were inves-
tigated, and these are referred to as cases 1−7, with the details
given in Table 1. Due to environmental regulations, it was not
possible to operate without active SNCR for extensive time
periods. Thus, the results and discussion are emphasized for
cases 1−4.
As mentioned, the scrubber effluents were collected during a

previous campaign where a slip stream of the flue gas passed
through a mobile pilot plant for NO oxidation with ClO2 and
subsequent scrubbing of NOx and SOx.

2 Around 3 m3 of the

Figure 2. Schematic illustration of the grate boiler showing the injection point, measurement position, and boiler dimension.
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scrubber effluent was accumulated from each campaign. The
batches have different compositions due to the differences in
scrubber operation. Scrubber effluent 1 was used during gas
composition measurements and the assessment of combustion
performance, whereas scrubber effluent 2 was used during the
deposition measurements. During conventional operation, the
condensate is recirculated at a volume flow of ∼1 m3 h−1,
which would also be the required flow of the effluent during a
full-scale installation of the scrubber system. Therefore, the
flow rate was kept at 1 m3 h−1 during the recirculation
campaign, which grants 6 h of operation with the scrubber
effluent. The enthalpy of evaporation of 1 m3 h−1 is 0.63 MW,
which corresponds to approximately 3% of the thermal load.
Both the scrubber effluents and the condensate were analyzed
with ion chromatography (Dionex ICS-1000), and the
chemical compositions are given in Table 2. For clarity, the

hypothetical maximum contribution from each species in the
liquid is calculated using the average flue gas flow rate,
assuming full conversion to the corresponding gas species
listed in the table; that is, all nitrates and nitrites in the
scrubber effluent are converted to NO in the flue gas.
2.1. Analytical Techniques. Gas sampling was performed

using a probe inserted at measurement positions 1 and 2
through available ports in the furnace wall and flue gas path,
respectively. The sampling probe used in position 1 was

constructed in stainless steel with an opening in the tip of 6
mm. The probe was used to sample the gas at a distance of 60
cm from the furnace wall. A thermocouple was placed at the tip
of the probe to monitor temperature variations in the sampling
position. Position 2 allowed for a longer probe, which made it
possible to penetrate into the center of the flue gas path. This
probe was also wider, with an inner diameter of 18 mm. The
temperature of the probes was not actively controlled but
monitored at the back end of the probe to ensure that low
temperatures were avoided. From the probes, the gas sample is
led through electrically heated tubes to ensure gas temper-
atures above 160 °C and avoid condensation. The gas sample
is cleaned from the particles by two heated filters, with a size
cut-off of 1 and 0.01 μm, respectively, before being split into
two separate lines. The first line is kept at 160 °C, and the
sample passes through a second heated 0.01 μm particle filter
before the gas is heated up to 190 °C and analyzed by Fourier-
transform infrared spectroscopy, which is used to detect H2O,
CO, HCN, and NO, among others. The gas sample of the
second line passes through a condenser and is analyzed using a
paramagnetic analyzer (O2) and electrochemical sensors (NO
and NO2).
Deposition measurements were carried out using a temper-

ature-controlled deposition probe in position 2. Three
measurements were performed for each case, with different
sampling times (35, 40, and 70 min). For each measurement, a
metal ring (253 MA steel) was used to collect the deposition
positioned at the tip of the probe. The temperature of the ring
was set to 450 °C and was controlled by three thermocouples
spread out over the perimeter of the ring and an adjustable
flow of pressurized air for cooling. A small fraction of the
deposits (1−3 mg) was collected, pretreated, and analyzed
with XRD, ICP−MS (ICP-iCAP 7400 Duo), and ion
chromatography (Dionex ICS-1000). For ICP−MS analysis,
the solid samples were dissolved in HNO3 at 175 °C and
thereafter diluted with Milli-Q water prior to elemental
analysis. In addition, solid samples were leached in 50 mL of
Milli-Q water at 80 °C for 24 h, followed by sulfate and
chloride analysis of the liquid.

3. RESULTS

The results from the scrubber effluent recirculation tests are
presented in three parts: combustion performance, flue gas
composition, and deposit formation.

3.1. Combustion Performance. Figure 3 presents the
boiler load, total combustion air flow (primary and secondary),
and the furnace temperature in positions 1 and 2 over 2 h of
condensate and scrubber effluent circulation. The temper-
ature−time profile at position 2 showed a lower variation (±20
°C) during the liquid injections. During case 1 (without liquid
injection), the temperature at position 1 was about 50 °C
lower compared to operation with liquid injection as expected.
The variations in the boiler load (adjusted to heat demand)
and fuel composition cause the conditions to change over time,
and therefore, a direct comparison of averages is not
meaningful. There is also relatively large variance within the
investigated cases, which is expected for a heat-generating
waste incineration plant and should be kept in mind when
evaluating the results. The differences in variance between the
investigated cases are, however, relatively small for the process
parameters, suggesting that factors other than the injected
liquids are causing the effect.

Table 1. Investigated Operational Conditions

case recirculation SNCR test (measurement position)

1 none yes gas composition (1,2), plant performance
2 condensate yes gas composition (1−3), plant performance,

deposition (2)
3 scrubber

effluent 1
yes gas composition (1−3), plant performance

4 scrubber
effluent 2

yes gas composition (3), plant performance,
deposition (2)

5 none no gas composition (2), plant performance
6 condensate no gas composition (2), plant performance,

deposition (2)
7 scrubber

effluent 1
no gas composition (2), plant performance

Table 2. Liquid Concentration of Major Chemical Species
in the Condensate and Scrubber Effluent 1 and 2a

species condensate
scrubber
effluent 1

scrubber
effluent 2

K (mg/L) 120 130 33
Na (mg/L) 540 16,000 17,000
Cl (mg/L) 2,100 9,200 420
total S (mg/L) 170 7,500 9,100
SO4

2− (mg/L) 510 12,000 27,000
NO3

− (mg/L) 0.3 210 26
NO2

− (mg/L) 0.3 2,030 99

corresponding gas
concentrationb (Nwg)

SO2 (ppm) 3 126 152
NO (ppm) <1 86 5
Na + K (ppm) 16 395 416
aThe corresponding gas species is calculated using the average flue gas
flow rate to display the theoretical maximum increase in the flue gas
concentration by each species. bAssuming a complete conversion of S
and N to SO2 and NO.
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3.2. Flue Gas Composition. The detailed gas composition
measurement from position 1 inside the boiler is shown in
Figure 4a−f during the transition between cases 1 and 2 as well
as between cases 1 and 3. Time “0”marked by a dashed
vertical line in the figurerepresents the change between
cases. The second dashed line, at around 29 min, denotes the
change back to the starting case. A clear increase in H2O
concentration is visible when changing from case 1, without
injection, to either condensate (case 2) or scrubber effluent
(case 3). The observed increase is found to be around 4%-units
independent of injection liquid, which corresponds well with
the amount of water added. The analyzing equipment operates
at 1 Hz resulting in high temporal resolution data. The time
delay due to gas transport in the sampling line and the rise
time of the instrument was never >50 s, which is sufficient to
identify any major influence on gas composition caused by the
injected liquid. The increased variance as well as the absolute
concentrations of CO and CH4 are apparent during
recirculation of both liquids, whereas the concentrations are
close to zero without recirculation. Regarding NOx, no
significant increase is visible when the scrubber effluent is
injected, whereas the condensate recirculation appears to
increase both NO and NO2 formation. A clear increase in the
HCN concentration can be observed for both liquids, which
indicates increased activity in nitrogen chemistry during the
injection of both liquids. Note that even though the scrubber
effluent contains nitrogen while the condensate does not, there
is no significant difference regarding the concentration of
nitrogen compounds in the flue gas.
Some of the flue gas composition from position 2, measured

downstream of the SNCR, is presented in Figure 4g−i. The
cases with and without the SNCR in operation (cases 1−3 and

5−7, respectively) behaved similarly; only two data sets are
therefore presented. The transition from case 2 to 1 reveals
that the changes are relatively small and in the same order of
magnitude as the occurring time-dependent variation. It should
also be noted that the CO concentration is low, and even
though the relative variation seems to be large, it is still within
10 ppm in absolute variation. The transition from case 3 to 7
represents the effect of turning off the SNCR. As expected, this
results in an increased NO concentration. It is known from
operational experience that suspension of the SNCR induces a
pulse of NH3 before the injection is suspended. The notable
decrease in NO at the same time as an increase in CO and
N2O during the transition from case 3 to 7 is an effect of the
NH3 pulse prior to suspension.
Another observed effect when switching from condensate

(case 4) to effluent (case 2) was the decreased amount of NH3
required by the SNCR system to maintain a stable NO output.
A similar trend is observed for both scrubber effluents, even
though they have a widely different nitrogen content. The time
profile of the added NH3 is illustrated in Figure 5 together with
the NO concentration in position 3 and the recirculation feed
rate. When the liquid is changed from scrubber effluent to
condensate, a significant increase in NH3 consumption is
visible. The NH3 injection is controlled to maintain a constant
NO concentration in the chimney by measuring the NH3 slip,
and the difference in NH3 consumption is likely an effect of
either the reduced NO formation or the increased efficiency of
the SNCR; that is, the recirculated condensate, rich in
chlorine, is consuming some of the NH3.

3.3. Deposit Formation. The deposition growth rate
during the injection of the condensate (case 2) and scrubber
effluent (case 4) is shown in Figure 6 for three different

Figure 3. Time series of boiler load (a), boiler temperature in position 1 (b), total combustion air flow (c), and boiler temperature in position 2 (d)
during injection of the condensate (black line) and scrubber effluent (green line). The mean value for each case is indicated by the dotted line.
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sampling time lengths (35, 40, and 70 min). A significant
increase in the growth rate was detected with injection of the
scrubber effluent relative to the reference case with injection of
the condensate. During condensate recirculation, the deposi-
tion growth rate is 3.0 mg min−1 with no significant differences
in the deposition rate over time. During scrubber effluent
injections, the deposition growth rate was about doubled to 6.3
mg min−1 based on the 35 and 75 min measurements. The 40
min measurement during injection of the scrubber effluent
coincided with a soot-blowing event, which explains why the

deposition rate seems lower. Apart from that, no significant
differences were observed for different sampling periods.
The chemical composition of the depositions is given in

Table 3. During recirculation of the condensate, the
depositions mainly consist of Ca, followed by S, K, and Na.
During scrubber effluent recirculation, Na and S are the main
components, likely as Na2SO4, followed by Ca and K. The
XRD analysis provides only qualitative data due to the
presence of complex and amorphous compounds. Never-
theless, the XRD analysis identified both CaSO4 and CaCl2 in
the depositions created during the injection of the condensate.

Figure 4. Time series of selected gas components at the onset of injection of the scrubber effluent and condensate. Dashed vertical lines indicate
the switch between cases. Parts (a−f) show measurements in position 1, while parts (g−i) show measurements in position 2.

Figure 5. Time series of NO (position 3) and NH3 addition during transition from the scrubber effluent (case 4) to the condensate (case 2). The
dashed vertical line indicates the time when the liquid injected was changed from the scrubber effluent to the condensate.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.2c00293
Energy Fuels 2022, 36, 5868−5877

5873

https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00293?fig=fig5&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


During the recirculation of the scrubber effluent, Na2SO4, KCl,
NaCl, and CaCl2 were identified in the deposition, which
agrees with the ICP−MS and ion chromatography analysis of
the deposits as well as the elements present in the recirculated
liquids (Table 2).

4. DISCUSSION
For most MSW-fired power plants, fuel heterogeneity gives rise
to large fluctuations in plant performance metrics during
operation, which obviously interfere with the evaluation.
Therefore, the transients and step responses in the change
between operational modes (cases) are analyzed instead of
comparing the parameter mean values. In addition, the clear
increase in variance between certain cases was also used to
support the assessment, for example, CH4 and CO during both
condensate and effluent recirculation. Although the changes
introduced with the addition of the scrubber effluent in most
cases were of a lower magnitude than what is seen in daily
operation, the 6 h of effluent recirculation, including multiple
transitions, did not indicate an increase in NOx emissions.
NOx formation from the introduction of nitrite salts with

liquid recirculation is a major concern as the conventional flue
gas condensate does not include nitrogen compounds. The gas
composition measurements in position 1 during the transition
between injection and no injection of the scrubber effluent did
not show any increased NO formation. The injection of the
condensate did however result in a higher concentration of NO
as well as NO2, compared to operation without recirculated

liquid. Reduced nitrogen species, for example, HCN, were
detected in the furnace in both case 2 and case 3, which
indicates that the nitrogen chemistry is still active in this
location. Therefore, any difference in the NOx concentration at
this point does not necessarily remain. Measurement position 2
is located in the flue gas path where neither the combustion
nor the nitrogen chemistry is active. At this point, there is no
noticeable difference in the NO concentration between cases 2
and 3 (Figure 4g). The same results were also seen in position
3 (Figure 5). Both positions 2 and 3 are however located
downstream of the SNCR. However, with the switch to
scrubber effluent injection from condensate injection, the
ammonia consumption in the SNCR decreased as shown in
Figure 5. This indicates that the nitrites in the scrubber effluent
are reduced to nitrogen gas, and/or the chemicals in the
scrubber effluent are active in the reduction of NOx formed
from the primary combustion process. The high ammonia
consumption during condensate recirculation is likely due to
the formation of ammonium chloride, which is a critical
problem of the SNCR process in the presence of HCl.26 In
general, the amount of nitrogen added in the form of nitrite
and nitrate with scrubber effluents 1 and 2 is relatively modest
compared to the observed changes in the process conditions.
Also, the location of the scrubber injection corresponds to
conditions that can effectively reduce all nitrogen oxides to
nitrogen, both with respect to the residence time and
temperature conditions; the kinetics are fast in the trans-
formation of nitrogen oxides to nitrogen-containing volatiles.27

From this, it can be concluded that the location of the injection
is critical to the transformation of nitrogen species and that the
chosen location in this work allows for sufficient time in a fuel-
rich zone for the nitrogen contained in the scrubber effluents
to be reduced rather than oxidized.
The injection of the condensate and scrubber effluent not

only influences the nitrogen chemistry but also the combustion
chemistry and hydrocarbon oxidation, as indicated by the
increased concentrations of CO and CH4 in position 1 (Figure
4b,c). The effect is visible as an increase in both the mean and
variance during the injection of both liquids. Burnout is,
however, complete in position 2, where the CO levels are
below 20 ppm and no CH4 was detected. This suggests that
the injection of liquids to the boiler prolongs the combustion
zone but does not result in a less efficient burnout. The
condensate lacks nitrogen and has a much lower sulfur content
compared to the scrubber effluent, yet the two liquids show
similar results regarding hydrocarbon oxidation. It is well
known that the introduction of inorganic elements such as
chlorides and alkali affects the radical chemistry,18−20,28,29 and
the added amount of inorganics is sufficient to cause the
observed effect. However, the injected liquid reduces the local
temperature above the grate, which also influences the
combustion, and the effect of temperature and inorganic
additions cannot be fully untangled by the present study.
The injected scrubber effluent also contains considerably

higher amounts of sulfur (∼10 gL−1) than the conventional
condensate as sulfur is added to the scrubber by means of
Na2SO3 and/or Na2S2O3 to enhance the NO2 adsorption
efficiency.2 Most of the SO3

2− is oxidized to SO4
2− in the wet

scrubber process and neutralized with sodium hydroxide.
Depending on the heating rate, temperature, and the reducing
character of the environment, the alkali sulfates may
decompose in the boiler to form SO2,

30 which can
subsequently be absorbed by the scrubber. The presence of

Figure 6. Deposition growth rates during the recirculation of the
condensate (case 2) and scrubber effluent (case 4). The times
represent different sampling lengths. A soot-cleaning event was
performed during the 40 min measurement of case 4.

Table 3. ICP−MS Analysis of Collected Solid Depositions
During Recirculation of the Condensate (Case 2) and
Scrubber Effluent (Case 4)

case 2 case 4 case 2 case 4

% % growth rate (mg h−1) growth rate (mg h−1)

Ca 12.5 6.9 23 25
S 5.7 12 10 43
K 3.8 4 7 14
Na 5.8 17 10 61
Zn 2 0.9 4 3
Al 1 0.9 2 3
Si 0.6 0.4 1 1
Fe 1 0.9 2 3
Mg 0.8 0.5 1 2
Pb 0.3 0.1 1 0
Ti 0.4 0.3 1 1
Cl 12.5 8,1 23 29
SO4 13.3 29 24 104
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SO2 in the flue gas is favorable for the scrubber as less sulfite
needs to be added to enhance NO2 absorption. The reducing
character and temperature at the injection point (<950 °C)
seem insufficient to decompose the alkali sulfates that form
during the initial stage of the injection,31 and we did not
observe any increased levels of SO2 during scrubber effluent
recirculation. However, alkali sulfates may form alkali chlorides
in the presence of chlorine by the reversed sulfation reaction.
The chemistry is described in32,33 and experimentally shown in
a recent injection study.34

The increased level of sulfur seen in the depositions is
benign from corrosion aspects if chloride is substituted by
sulfates.10,14 Further tests with injections at different temper-
atures and compositions would be interesting to explore as
options to recirculate sulfur to the scrubber process and reduce
the chemical costs for the gas scrubber. However, increasing
the vapor pressure of SO2 may also increase problems related
to alkali chlorides; thus, the injection point must be selected
carefully.
As the amount of alkali (mainly sodium) and sulfur

recirculated to the boiler was considerably higher during
scrubber effluent recirculation (relative to the condensate), the
main concern is the risk of deposition, fouling, and corrosion.
The total deposition growth rate was approximately doubled
during operation with the scrubber effluent compared to that
with the condensate, and the SO4 deposition growth rate was
increased by a factor of almost 5. The increased degree of
sulfation is expected to reduce the deposition growth rate by
increasing the melting point, thus forming less sticky alkali
compounds.14,21 In general, the deposition growth rate varies
with the fuel composition, and the distribution of trace
elements released from MSW incineration is strongly
influenced by the feedstock composition, temperature, and
reducing character.12 Since the injection point is located above
the grate, the added elements do not influence the fuel
inorganic constituent’s transformation and release pattern.
However, at the given temperature, several gas phase reactions
are possible, which may influence the gas-to-particle
partitioning and aerosol formation. The deposition growth
rate of the fuel released elements (Zn, Al, Si, Fe, Mg, Pb, and
Ti) was relatively stable during all six measurements. It is
possible that the inorganic compounds released by the fuel
form a sticky surface, which increases the deposition growth by
particle impaction;35 however, further tests are required to
conclude how the added effluent influences the deposition
growth rate. Furthermore, the soot blowing that occurred
during one of the deposition measurements, shown in Figure 6,
drastically reduced the deposition rate. The stickiness of
deposits is a vital aspect, as loosely bound deposits that can be
easily cleaned are less problematic. A longer operational time
including at least a couple of soot-blowing cycles is needed to
conclude the possible long-term effects of scrubber effluent
recirculation.
The chemical analysis of the deposits, given in Table 3,

suggests that the added sulfur mainly forms SO4 depositions
based on the clear increase in sulfur and sodium during effluent
circulation. Increasing the S/Cl ratio in a combustion system
may reduce alkali chlorides in the deposits and thereby the
corrosivity. However, the extent of sulfation depends not only
on the gas composition but also on the temperature.
Understanding the transformation and distribution of the
inorganic species is critical to reduce corrosion damage and
avoid unwanted depositions in the recirculation process. The

same applies to the formation of the atmospheric pollutants
investigated in this case study. Fundamental knowledge of how
these species behave and can be controlled is the key to
establishing a successful recirculation strategy.
The results from this study show that thermal treatment of

the scrubber effluent by injection to the boiler is possible
without any major influence on thermal performance or
emissions. For a hot water boiler system equipped with a flue
gas condenser, such as the one described herein, the energy
required to evaporate the injected liquid will be recovered. The
potential effect of the liquid injection on the thermal
performance would have to be considered if applied to a
boiler with another configuration.

■ CONCLUSIONS

This work discussed thermal treatment of liquid waste streams
in commercial boilers with a focus on the injected liquids’
influence on the combustion process, emission formation, and
deposition parameters. A full-scale test of the injection of the
scrubber effluent from a combined NOx and SOx scrubber into
an MSW-fired grate boiler has been performed. From the
performed measurements, it is possible to conclude that the
thermal reduction of nitrite by recirculation of scrubber
effluents to the boiler is efficientno significant increase in
NOx occurs; if anything, the effluent seems to reduce NOx
formation. Furthermore, the injection of sulfates does not
increase the flue gas SO2 concentration. Sulfur recirculation
may be beneficial to the process by either reducing the
corrosiveness of depositions and/or decreasing the required
chemical consumption in the scrubber. The distribution and
partitioning of injected sulfate species are believed to be
dependent on the temperature at the injection point. Finally,
the injection of alkali increased the deposition rate. The
composition of the deposits looks favorable due to the
increased sulfur and decreased chloride content, but long-term
deposition tests are required.
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