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Abstract: The high amount of sludge produced from wastewater treatment plants (WWTPs) requires
final disposal, forcing plant operators to search for alternatives without exerting an excessive energy
demand on the global plant balance. Future revisions of the WWTP directive will probably set
additional constraints regarding land application of sludge. Therefore, thermal treatment may seem
a logical solution based on the additional energy that can be extracted from the process. The purpose
of the present manuscript was to assess the integration of anaerobic digestion of sewage sludge and
subsequent gasification using SuperPro Designer V13. Mass and energy balances were carried out,
and the net energy balance was estimated under different scenarios. The integration of the process
showed an electricity power output of 726 kW (best scenario, equivalent to 4.84 W/inhab) against 428
kW (2.8 W/inhab) for the single digestion case. The thermal demand of the integrated approach can
be fully covered by deviating a fraction of gaseous fuels for heat production in a burner.
Transforming syngas into methane by biological conversion allows densifying the gas stream, but it
reduces the total energy content.

Keywords: renewable energy; anaerobic digestion; biogas; syngas fermentation

1. Introduction

Wastewater treatment inevitably generates sewage sludge that requires stabilization.
Wastewater treatment plants (WWTPs) must deal with huge amounts of biological sludge (20 — 25
dry solid/person year) containing pathogenic microorganisms and different pollutants, which
discourage its valorization by means of traditional practices such as land application [1,2]. Recycling
nutrients from the sludge is desirable as long as the heavy metal content does not pose a risk to the
population. The presence of pharmaceutical compounds is an important concern, as these substances
can interact with other organisms when sludge is applied to land. Given these issues, thermal
valorization of sludge appears to be the best alternative for reducing the volume of waste that
requires final disposal, turning a problematic material into a valuable energy resource.

Gasification is an old technology widely studied in the scientific literature. It has been proposed
as a suitable alternative to valorize lignocellulosic biomass, wastes of different origin, sewage sludge,
and digestate [3-6]. However, the need for a dry substrate is one of the major drawbacks, reducing
the feasibility of integrating anaerobic digestion and a subsequent thermal processing. In the case of
digestate gasification, the drying stage may consume most of the extra energy obtained from the
combined configuration. Guo et al. [7] assessed different process integrations, considering the
maximization of energy recovery or gas recovery, corroborating that the major limitation was the
high energy demand of drying.

Anaerobic digestion is a biological process usually applied for the treatment of organic wastes
and it is a common stage of current WWTPs since it allows reducing the amount of sewage sludge,
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valorizing this stream into biogas (containing mainly methane and carbon dioxide). Biogas can be
used as fuel in boilers, combined heat and power units, micro-turbines, or upgraded to produce a gas
stream with similar characteristics to that of natural gas [8]. A slurry product known as digestate is
also obtained. Digestate has a higher mineral content than its original raw material because of the
degradation carried out by the anaerobic microflora. However, many volatile solids are still present
[9].

Anaerobic digestion occurs in sequential stages, where hydrolysis is usually the limiting step
when complex organics are treated. The soluble compounds are then transformed into volatile fatty
acids that are later converted into methane and carbon dioxide. Hydrogenotrophic methanogens and
aceticlastic methanogens are the main organisms responsible for methane evolution [10]. The
presence of lignocellulosic material hinders the anaerobic degradation, requiring a prolonged
digestion time to achieve the maximum degradation rate. This increase in digestion time results in
larger digester volumes, negatively affecting plant installation costs and reducing biogas
productivity. Recalcitrant compounds accumulate in the anaerobic slurry [11-13]. Therefore, treating
the digested material with a thermochemical process allows complete recovery of the energy
originally contained in the feed.

The coupling of two different processes, such as anaerobic digestion and gasification, to reduce
the final amount of material implies some modifications in the operating conditions of the individual
units. That is, digestion of the incoming material is initially designed to degrade organic compounds
contained in the feed (produce biogas), stabilize them, and reduce their putrescible potential. Thus,
the time that solids spend inside the digester affects the amount of biogas produced and digestate
quality since a longer digestion time leads to an increase in recalcitrant and inorganic components
[14,15]. Readily degradable materials will be assimilated first, but complex compounds must stay
longer inside the digester to achieve complete conversion. The composition of the feed affects the
process outcome, although operating conditions also play a relevant role. The hydraulic retention
time (HRT) and organic loading rate (OLR) applied to the reactor are closely related to the specific
methane production and the degree of stabilization obtained [16,17].

Optimization of the digester operating conditions by focusing solely on biogas production
would be possible if the remaining slurry is intended to be thermally treated in a subsequent stage.
Therefore, achieving a stabilized material with low putrescible potential would not have a significant
relevance on the overall digestion performance. Integrating biological and thermal processes seems
a suitable alternative as long as the energy demand of sludge drying does not eliminate the benefits
of producing energetic by-products. An important point to consider is the mineralization that occurs
during the biological degradation process. Increasing the hydraulic retention time (HRT) leads to a
greater removal of volatile solids (VS), which in turn results in a higher mineral content in the
digestate. This enhanced mineralization impacts the following thermal stage by increasing char
production [18], although it may reduce the yield of gaseous products.

Many WWTPs have already incorporated a drying unit to facilitate digestate storage and
handling and reduce transport requirements. In these cases, introducing a gasifier would not alter
the energy demand for digestate preparation since drying is already a piece of basic plant equipment.
Several studies have proposed the integration of anaerobic digestion with pyrolysis [19-23], with
biochar being considered a valuable by-product suitable for land application. The gaseous and liquid
streams are also valuable fuels that could be used for energy production. The liquid stream contains
pyro-oil and an aqueous phase that needs further treatment. Anaerobic digestion has been suggested
as an alternative to treat this aqueous pyrolysis phase [24,25]. However, the presence of toxic
compounds may inhibit microbial degradation, adversely affecting biogas production. High dilution
of the liquid phase or detoxification is necessary to degrade the organic components anaerobically.
Both options add complexity to an already costly configuration [26,27]. A similar argument can be
presented against hydrothermal liquefaction, in which the aqueous phase represents a challenging
stream, which also needs pretreatment prior to biological valorization [28]. In addition, the
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application of hydrothermal liquefaction implies heating the entire sludge, which already has a high
water content, increasing the thermal demand of the process.

Gasification is another alternative for treating biosolids. Sewage sludge gasification has been
widely studied under laboratory conditions [29-31] and at a pilot scale [32,33]. The process produces
syngas as the main calorific stream with a lower heating value (LHV) of about 5 MJ/m? and char as a
solid product, with small amounts of tars requiring special treatment [6]. The use of low-cost catalysts
such as dolomite or steel slags may significantly reduce the production of undesirable tars [34-36].
Gasification occurs under oxygen-deprived conditions, preventing complete oxidation of the
carbonaceous material. Thus, the main light components of the synthesis gas are Hz, CO, CHs, and
COa2. The concentration and yield of these gases are particularly affected by the operating conditions
(temperature and gasification agent, among others), reactor configuration [37,38], and input material
properties [39]. The presence of air significantly reduces the gas calorific value due to the dilution
effect exerted by nitrogen. This factor may be the main disadvantage compared to pyrolysis, where
air as a gasification agent is avoided.

The light C1 gases contained in syngas could be transformed into methane using anaerobic
microorganisms. This type of conversion requires hydrogen, which is already present in syngas.
Therefore, the coupling of anaerobic digestion and gasification as an integrated approach for waste
treatment can be carried out with the dual objective of reducing the amount of digestate requiring
disposal and increasing the energy extracted in the form of gaseous products by transforming syngas
components into methane. Studies carried out by different authors demonstrated the ability of
anaerobic microflora to adapt to gaseous substrates, transforming mixtures of Hz/CO/CO: without
the need for complex acclimation stages and showing a fast conversion rate [40-42]. Cheng et al. [43]
studied the conversion of syngas using a trickling filter, reporting a methane production rate of 1.26
L CHs/Lpackingbed d when feeding 5.33 L syngas/Lpackingbed d, also demonstrating that the process could
be carried out under non-sterile conditions using the same digestate as a nutrient medium.

The idea of using microorganisms to transform syngas is not new, with several studies reporting
on this subject [44-47]. Recent works proposed this conversion process to obtain a natural gas
substitute from biomass gasification and steel mill off-gases at a high rate under thermophilic
conditions and higher pressures [48-51]. However, syngas cleaning is a challenging issue due to the
presence of inhibitory substances such as HCN, H:S, and tar compounds that may need removal to
avoid inhibitory conditions during fermentation [52], with this subject still waiting for an affordable
and practical solution.

The present manuscript aimed to evaluate the energetic feasibility of introducing sludge
gasification in a WWTP to reduce sludge handling operations and enhance biogas production
through the biological transformation of syngas. The plant performance was simulated using
SuperPro Designer software. Even though several gaps remain, requiring extensive research to attain
satisfactory process integration, the aim was set on the specific energy requirements of the different
treatment units.

2. Materials and Methods

The description of the WWTP was based on the study of Martinez et al. [53], where a
conventional plant treats residual wastewater by the activated sludge process. The number of
equivalent inhabitants was 150,000, with an estimated production of 330 L/inhab. d [54]. The WWTP
model used here was based on Ellacuriaga et al. [55]. The specific methane production (SMP) of the
sludge was 243 mL CHa/g VS, as a mean value of those reported by Martinez et al. [56] and Arenas
et al. [57]. The working volume of the digester was considered 85% of the total volume. The maximum
digester size was assumed to be 4,000 m3. The hydraulic retention time was 21 d. The methane content
in biogas was 60%, with a density of 1.133 kg/m3. The LHV of methane was 35.8 M]/m?.

SuperPro Designer V13 Software was used to estimate the process performance. The conversion
of the reactions was set at 98%. The energy demand of the digester was estimated by considering the
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heat required to increase the sludge temperature from the inlet stream (15 °C) to the fermentation
temperature (37 °C), assuming 95% heat transfer efficiency and 5% heat losses.

The digestate was dehydrated using horizontal decanter centrifuges, obtaining a slurry stream
with a total solids content of 27%. The subsequent drying process was performed in a horizontal
dryer. A moisture content of 30 up to 10% (maximum drying level) was assumed for dried sludge.
The digestate was transported by a truck with a loading capacity of 40 m?. The distance to the land
application site was 30 km, and a tortuosity factor of 1.4 was assumed. Diesel consumption was
estimated at 35 L/100 km [58]. LHV of diesel fuel is 44.8 M]/kg with a density of 0.84 kg/L [59,60].
Electricity production from biogas considered the use of a combined heat and power (CHP) unit with
an electrical efficiency of 38% and a thermal efficiency of 48.3% [61]. Thermal exhaust gas temperature
was assumed to be 474 °C at 100% loading with operation under lean conditions [62].

Sludge gasification was assumed to be carried out in a fluidized bed gasifier. The higher heating
value of the sludge was 14.5 MJ/kg (mean value of those reported by Magdziarz et al. [63], Mun et al.
[64] and Mun et al. [65]). Based on the same literature references, it was assumed a sludge elemental
composition of 36.5% carbon, 5.8% hydrogen, 23% oxygen, 4.7% nitrogen, 1.0% sulfur, and 28.9% ash
content. The gasification temperature was based on equilibrium equations after setting the
temperature of the incoming material at 780 °C. Carbon conversion was set at 85% with an ER of 0.15.

Biological methanation of syngas considered the following reactions, based on equations
proposed by Schwede et al. [50] and Rafrafi et al. [66]:

CO2+4Ho=» CHs+2 H20  (selectivity for Hz assumed as 50%) 1)
4 CO+2H0 = CH:+3 CO: (2)
CHsCOOH =» CHs + CO2 (3)
4CO+2H0 = CHsCOOH +2CO:2  (selectivity for CO assumed as 50%) 4)
2 COz2+4 H2 & CHsCOOH +2 H0 (5)

For this process, a hydrogen conversion of 95% was assumed, which was the mean value
reported by Asimakopoulos et al. [67] and Rachbauer et al. [68].

A sensitivity analysis was conducted by applying a 10% variation to the values of sludge SMP,
TS, and VS content. This analysis aimed to assess the digester's specific energy production.
Additionally, sensitivity analysis was used to evaluate the drying requirements by varying (10%
variations) the solid content of the sludge after dewatering operations, as well as adjusting the
parameters related to dryer operating conditions, such as heat transfer efficiency, the temperature of
the dried sludge, and its solid content.

The effect of increasing SMP thanks to the application of a pretreatment to the sludge stream
was analyzed by increasing the SMP value up to 40% in 10% increments.

3. Results and Discussion

Figure 1 shows a scheme of the WWTP considering the stabilization of sludge through anaerobic
digestion. Primary and secondary sludge were mixed and subsequently treated in the anaerobic
digester. Based on assumptions described in the Material and Methods section, the biogas produced
was 4,404 m? biogas/d. Since the methane content in biogas was assumed to be 60%, the energy
contained in this stream accounts for 94,614 MJ] per day. The total sludge flow was 261 m3/d (with a
volumetric proportion of 51% of primary sludge in the mixture). Two digesters with a volume of 3224
m3 were necessary to treat the whole sludge stream, given the restriction for the maximum size
allowed of 4000 m?. The daily energy demanded by the digestion units was 26,700 M]J.
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Figure 1. Schematic representation of WWTP with sludge digestion and thermal drying and results from the

sensitivity analysis showing the variation in the specific energy of the anaerobic reactor expressed as percentage.

The main performance parameters of the WWTP are listed in Table 1. After digestion, a
significant amount of sludge is obtained (278 m3/d). This digestate is then subjected to dewatering, a
crucial step that greatly reduces the amount of sludge, thereby impacting the efficiency and transport
costs. The dewatered sludge may find land application as a disposal option, with an associated
energy demand of 766.5 MJ/d for transport. The specific energy production of the anaerobic reactor
was estimated as 14.6 MJ/m3reactor d. Considering that sewage sludge is a material with great seasonal
variability, if values regarding solid content and proportion of volatile solids are assumed to vary
about 10% around their central value, then the expected specific energy would be around 13 - 16
M]J/m3reactor d.

Table 1. Main parameters and stream flows used for the WWTP simulation, as well as energy estimation.

Parameter Value
Inlet wastewater flow (m3/d) 49,500
Equivalent Inhabitants 150,000
Primary sludge flow (m3/d) 133
Secondary sludge flow (m3/d) 127
Air flotation energy consumption (kWh/m?) 0.015
Methane production (m?3/d) 2643
Methane production per volume of reactor (m3/m? reactor d) 0.41
Energy in biogas (M]/d) 94,614
Energy in biogas per unit of inlet wastewater flow (MJ/m? intet water d) 191
Biogas energy per equivalent inhabitant (E.I.) (MJ/E.L d) 0.63
Biogas energy per unit of digester volume (M]/m3 reactor d) 14.6
Electricity production (kW) 410
Digester thermal demand (M]/d) 26,700
VS removal in digestion (%) 43.7
Dewatered digestate (m?3/d) 32.3
Decanter energy consumption (kWh/m?) 10
Sludge drying daily energy demand (M]J/d) 62,900

Figure 2 represents the flow diagram where the transport of dried sludge is introduced into the
plant operating mass balances. It also represents the results obtained from the sensitivity analysis
regarding the effect of input variables on the energy demand for sludge drying.
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Figure 2. Schematic representation of WWTP considering the transport of dried sludge to the final disposal site.
Sensitivity analysis is also represented showing the variation expressed as percentage in sludge drying demand
when applying a 10% variation in the water content of dehydrated sludge (%water dehyd.), TS content of dried
sludge (%TS dried sludge), the dried sludge temperature (T dried sludge) and the dryer heat transfer efficiency
(Heat transf. eff.).

The water content in sludge after the dewatering operation shows the major effect on the sludge
drying demand, followed by the heat transfer efficiency of the drying equipment. The water content
of the dewatered sludge can reach approximately 75%. In this study a value of solid content in
dewatered sludge was assumed. Digestate drying is a treatment stage frequently found in many
WWTPs because removing this water can further reduce transport costs. Drying this material reduces
the mass of sludge to be transported. The dried sludge produced was 9 t/d with 90% solid content, in
the present case. The transport of this material translates into an energy demand of 275.7 MJ/d, which,
compared with the amount of energy required for sludge drying, seems insignificant. However, this
transport operation supposes a high cost for WWTP management. Considering a cost of €1.6/km
loaded and €1.3/km empty, the transport expenditures reach €11,000 /year.

The energy needed for sludge drying accounts for 62,900 MJ/d (2.98 GJ/t water evaporated),
making that for sludge transport meaningless. The value obtained is in the range of the energy
demand estimated for convective drying (2.52 — 5.04 GJ/t water evaporated [69]). The advantages of
drying sludge are not only associated with handling, easier storage, and transport of the material but
also with the preference of final users for applying dried stable biosolids.

The land application of biosolids is an environmentally friendly choice because it allows for
nutrient recycling (nitrogen and phosphorus) and retaining carbon in soils, with phosphorus being
considered a strategic resource due to the limited reserves of mineral phosphate rock and the risk
associated with the presence of Cd in low-quality phosphate rock [70,71]. Land application of
digestate is a valorization option in line with circular economy principles. However, it may not be
always possible. Restrictions regarding metal content can make using biosolids as an organic
amendment inadequate. However, metals are not the only restriction. The new WWTP directive will
also monitor the presence of cosmetic and pharmaceutical compounds along with microplastics,
setting new bans on sludge land applications. In addition, not all urban areas have nearby locations
which can be used as a safe disposal place. Therefore, finding a sustainable solution for transforming
the remaining organics into valuable compounds is urgent. In many WWTPs, adding a subsequent
thermal treatment stage would not represent an excessive thermal demand since many plants already
have thermal drying units.

The energy contained in biogas was 94,614 MJ/d. When considering a CHP engine, this biogas
stream will represent an electrical power of 428 kW (37,000 MJ/d). The heat available would account
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for 46,570 MJ/d, which may suffice digester energy demand but not that associated with sludge
drying. In addition, if it is considered that the sludge drying unit uses hot combustion gases to supply
the thermal demand, then only the energy associated with this gaseous stream is available for the
drying process. This amount of energy corresponds to about 49% of the thermal energy available [58].
Therefore, the thermal energy derived from the engine can cover about 34% of the thermal energy
required for drying. This result agreed with the report of Guilayn et al. [72], indicating that the heat
from co-generators in biogas plants is insufficient to dry the whole digestate flow.

Increasing methane production not only has a direct effect on the energy contained in biogas but
also reduces the energy required for drying sludge. The more effective the conversion of organics
into biogas is, the lower the amount of remaining material needing subsequent drying. Figure 3
shows the effect of increasing sludge SMP up to 40% and how this parameter affects the plant's
thermal balance. Approximately 62% of the energy needed for the drying process can now be
supplied by combustion gases from the engine's exhaust. However, some of the thermal demand
remains unmet, necessitating an auxiliary fuel.
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Figure 3. Effect of increasing specific methane production (SMP) by up to 40% on the specific energy produced
by the reactor (expressed as daily energy obtained as methane per unit of reactor volume, MJ/m? d) and the

thermal demand of the drying process also expressed per unit of reactor volume.

Another important factor to consider is that increasing the digestibility of sludge is also an
energy-consuming process and requires the installation of additional equipment, which may also
increase the plant's energy demand. Several studies deal with the use of different pretreatments
(alkaline, thermal hydrolysis, electrooxidation, mechanical disruption) to increase the accessibility of
microorganisms to the sludge particles [73-75]. Thermal processes have the advantage of heat
recovery, greatly reducing sludge volume at the expense of relatively low energy demand [76].
However, biogas yield has shown no significant improvement under the industrial application of the
process [77] in contrast with laboratory-scale experimental reports [78,79]. Even though the capacity
of decreasing sludge volume and viscosity along with recovering energy as heat makes thermal
hydrolysis a widely applied option on a large scale.

The report derived from the project POWERSTEP [80] financed by European Union HORIZON
2020 contains an analysis of the energy demand of different commercial processes available for
improving sludge degradability, reporting on average energy consumption values in the range of 5.4
— 7.2 kWhe/m? sludge (52 kWhe/t TS sludge) and 39-116 kWhneat/m? sludge (620 kWhreat/t TS sludge)
for thermal hydrolysis. Other processes also evaluated were pressure homogenization, ultrasounds,
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stirred ball mills, and ozone treatment, most of which had high energy demands except for ultrasonic
treatment but without the feature of energy recovery as it does the thermal hydrolysis process.
Garcia-Cascallana et al. [81], reported a decrease of about 7.0% in net electricity production due to
the auxiliary equipment required when installing a thermal pretreatment unit.

The amount of auxiliary fuel was estimated by considering the energy needed for sludge drying.
The increase in sludge degradation affects the plant balance in two ways: by increasing the amount
of biogas obtained and thus the energy derived and by reducing the mass of biosolids generated,
decreasing the energy associated with sludge drying. Figure 4 shows the energy required for the
engine to provide the drying demand. Since the energy contained in methane is used to produce
electricity, the additional methane required was estimated based on the drying needs. However, if
biogas is valorized exclusively by using CHP engines and the remaining thermal demand for drying
sludge is supplied by a burner (95% efficiency) using natural gas as an auxiliary fuel, the extra fuel
required could be highly reduced, although the benefit of extra electricity is lost. Previous model
estimations assumed that sludge dehydration reached 27% TS content. Any improvement in water
removal would be aligned with a lower demand for sludge drying.
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Figure 4. CHP energy input and auxiliary energy demand for the drying process. Bars in blue indicate the energy
input of the engine if exhaust gases cover the thermal demand of the sludge dryer. Bars in light blue represent
the auxiliary energy needed. Bars in gray indicate the energy input of the engine when using biogas as a single
fuel and the auxiliary energy to fulfill the thermal demand for sludge drying with the aid of a burner.

3.1. Sludge Gasification

Figure 5 shows the integration with a gasification unit by considering the use of dried digested
sludge. Previous estimations were made by assuming a water content in dried sludge of 20%, so the
drying demand was not greatly penalized. However, increasing the sludge solid content reduces the
thermal demand of the gasification stage. Based on this premise, the sludge drying stage was
evaluated by considering a solid content of up to 90% in increments of 5 units using 30% as the first
initial moisture value. Figure 5 shows the schematization of the process where a heat exchanger is
used to increase the temperature of the material to the gasification temperature, thus allowing for the
thermal demand to be estimated.
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Figure 5. Schematization of process integration for producing biogas and syngas from sludge: a) anaerobic
digestion and sludge gasification. b) Net energy balance.

Pursuing a drier product did not yield sufficient syngas when considering the net energy
balance, which is defined as the difference between the energy content of syngas and the energy
required for sludge drying and gasification. Achieving a lower water content does not result in
greater benefits in the gasification process, even though the thermal demand of the gasifier was
reduced. The slight decreasing trend in this basic balance was due to a reduced amount of syngas
produced and its lower energy content. The presence of water affects gasification reactions; thus, a
higher water content results in higher hydrogen and methane proportion in syngas, a feature
demonstrated by several authors [82,83]. However, if bed temperature is not properly controlled, the
high water content in the raw material may adversely affect performance because water evaporation
is an endothermic process [84]. Although a positive net energy balance was obtained in the present
case, the values derived from the balance were insignificant compared to the energy demanded by
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any of the previous operations. Therefore, sludge gasification can be proposed when the aim is to
reduce the material requiring final disposal rather than obtain a clear energy benefit.

Figure 6 shows the volumetric production of syngas along with H> and CH4 composition.
Evidently, the higher the moisture content in the dried sludge, the higher the amount of water
condensate in syngas. However, a greater amount is available for the reaction to favor the conversion
of organics into H2 and CHa. The condensable water in the syngas stream was reduced with increased
drying efficiency. 96.5 kg/h of water condensate was obtained at 30% moisture content, whereas this
value was reduced to 21.9 kg/h at 10% moisture content. In addition, a lower CO concentration was
found in syngas with greater water content in sludge, which agreed with the results reported by Xie
etal. [85] and Ayol et al. [86]. Mun et al. [65] demonstrated that increasing the water content in sludge
led to a higher hydrogen concentration in syngas, reaching values of approximately 25 — 30%.
However, not all water in sludge is transformed into a valuable fuel. Some of this water remains as
condensable water, as observed from simulation results, which, in the case of gasification, may
contain hydrocarbon molecules, requiring special treatment before final disposal.
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Figure 6. Syngas volumetric flow and main characteristics under different content of water in dried sludge.

The LHV of syngas was 7.5 — 8.0 MJ/m? at an ER of 0.15. Depending on the type of gasifier
utilized, this value may be significantly lower due to the requirement of introducing a larger quantity
of air to assist in fluidizing the bed. At an ER of 0.25, the LHV was reduced to 5.6 MJ/m? due to the
dilution effect of nitrogen. This value was in accordance with results reported by other authors when
dealing with pilot plant conditions [87,88]. In the present study, the addition of air was fixed to
achieve a pre-established carbon conversion and a fixed value of 0.15 for the ER. Using pure oxygen
as a gasification agent may produce syngas with higher energy content [89], but the costs associated
with air distillation may offset any benefit in the energy balance.

3.2. Analyzing the Effect of Sludge Mineralization

Enhancing the mineralization capacity of the reactor increases gas production, which supports
electricity generation and decreases the demand for sludge drying due to the reduced quantity of
digestate. However, this feature also reduces the LHV of the digestate because of its higher ash
content. The net energy balance shows disappointing results at any humidity level, but it improves
as the water content of the dried sludge decreases. Figure 7 shows the results derived from the energy
balance when assuming a 40% increase in SMP. The balance also considered the use of biogas in a
CHP engine and the fact that high-grade thermal energy from the CHP unit is available to cover the
drying demand. In the present case, the energy derived from syngas is much lower due to the smaller
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amount of digestate available. However, the integration of both processes (digestion and gasification)
positively affects the energy balance despite the digestate mass's negative impact on drying

requirements.
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Figure 7. Net energy balance considering a 40% increase in SMP by assuming a hypothetical application of
sludge pre-treatment.

The energy balance may be improved if the thermal demand required for the process is supplied
by a burner using indistinctly biogas or syngas. Given that the efficiency of producing heat from a
burner is much higher, the energy balance was recalculated by assuming that the thermal energy was
fully covered by process fuels (biogas and/or syngas). In this case, the main assumption for the
process was the use of gaseous fuels to produce heat to complement the thermal demand supplied
by the engine. Due to the high energy requirements for sludge drying and gasification (see Figure
8a), digestion produced an electricity output of approximately 600 kW. About 30% of the energy in
the combined stream of biogas and syngas was diverted to the burner for all cases analyzed.
However, when a hypothetical pre-treatment was applied and digestion efficiency increased, the
benefit was directly associated with the lower demand for drying sludge, given the lower mass
produced (See Figure 8b). As it is observed, the CHP engine can fully cover the digester thermal
demand in this second case. The amount of electricity was higher thanks to the greater fuel
availability for the CHP engine (81 — 85% of the gas fuel is available for the engine).
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Figure 8. a) Scheme representing the integration of digestion and gasification with fuel valorization using a CHP
engine and a burner to supply thermal energy and net energy balance: (b) conventional digestion case, (c)
enhanced digestion by the application of a thermal pretreatment. Estimation was carried out by considering that
the thermal demand of the integrated approach was covered by biogas and syngas. In contrast, only excess

gaseous fuels were used to produce electricity.

The use of pretreatment to boost biogas production has the main drawback of increasing overall
energy demand. When a thermal pretreatment is assessed, the benefit of biogas enhancement should
surpass the extra energy demanded by the pretreatment process itself, an evident fact clearly
reviewed by Cano et al. [90], which is often forgotten. If an averaged thermal energy demand of 6.55
kWh/m? of sludge at an TS content of 168 g/L is assumed (based on data reported by Gurieff et al.
[91], Pérez-Elvira et al. [92] and Tyagi and Lo [93] considering thermal recovery), the thermal energy
of the pretreatment accounts for 21.6 kW, which slightly affects the global balance. Therefore, for the
case of drying sludge up to 10% water content, an increase of 23% is expected in electricity generation
after considering the process integration and assuming a 40% enhancement in biogas production.
This value reduces to 21.2% after subtracting the thermal demand of the pretreatment.
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3.3. Syngas Conversion

The biological transformation of syngas allows energy densification of the gaseous stream, thus
reducing storage volume. The LHV of syngas can be increased from 7.7 MJ/m? (average values of
syngas obtained from all cases studied at 30 — 10% water content after drying) to 10 MJ/m?, attaining
a volumetric reduction of 34% on average when Hz and CO are assumed to be transformed into
methane (see Figure 9a). These results were obtained by assuming a 40% enhancement in biogas
production (high mineralization case). Results in the case of conventional digestion followed a similar
trend but with lower biogas production. This fuel has a poor calorific value due to the high COz and

N2 content.
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Figure 9. a) Results from the energy densification stage by considering microbial methanation in a separate

reactor. b) scheme representing the conversion of syngas stream into methane.

Results indicate that the energetic density of the stream is still low, and the total energy of the
syngas stream is slightly reduced after the biological methanation process. The addition of a complex
fermentation stage does not seem a feasible proposal. Implementing this biological conversion stage
requires additional intermediary systems for attaining syngas cleaning, which was not considered in
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the present simplified approach (see Figure 9b). In fact, one major inconvenience of the gasification
process is the presence of trace substances that may act as inhibitory molecules in chemical or
biological transformations, such as hydrogen cyanide [52]. Another relevant parameter that is also a
cause of concern is the presence of tar in syngas. No matter what the final use of syngas would be,
removing these compounds is of the utmost importance to attain successful operation [52]. Even if
the biological conversion stage is not included, the valorization of syngas by CHP engines still
requires removing tar components to avoid problems associated with valve sticking and blocking
inlet pipes.

The digestion of sewage sludge allows the recovery of energy captured in the form of biogas.
However, the process also causes sludge mineralization since it is an intrinsic stabilization procedure.
This increase in sludge mineral content creates an undesirable problem associated with slagging in
gasifiers due to the low fusion temperature of sludge ashes [94]. Additionally, many gasification units
operate below 1300 °C, generating conditions where tar formation is favored [95]. Tar is usually
composed of compounds with a molecular weight greater than benzene, phenolic derivatives, olefins,
and aromatic and polyaromatic hydrocarbons, among others. The formation of tar is influenced by
several parameters, such as temperature, oxygen content, type of biomass material, and type of
gasifier [96]. Product distribution obtained from the gasification of sludge reported by Mun et al. [65]
under different operating conditions indicated that average values were about 69% for gas
production, 18% for char, 10.4% for condensate liquid, and 1% for tar. Therefore, cleaning procedures
must deal with poisoning substances in syngas, tar removal, and the final disposal of condensates.
Ash content in sludge can be as high as 50% [6,86], but current small-scale gasifiers require low-ash
material to avoid tar operating problems, as reported by Patuzzi et al. [97]. There seems to exist a
contradiction between the expected application for gasification by scientific reports and the feasible
current application of small gasification units.

4. Conclusions

The mass and energy balance based on the integrated approach showed better results when the
conventional digestion system was assumed, leading to higher values even though sludge drying
significantly affected the balance. The enhancement of digestion increased performance and reduced
sludge production. However, the energy derived from a subsequent gasification process was lower.
Despite this fact, a positive net balance was still obtained. Reducing the mass of sludge requiring
drying increased electricity production to 21.2% compared to the case of the combined approach of
gasification and a conventional digestion stage. The energy derived from syngas provides an
auxiliary fuel to supply the extra heat needed for sludge drying. Nevertheless, several aspects still
require a solution, such as those related to the energy demand of cleaning equipment for removing
tar and inhibitory compounds from syngas. The densification stage based on a biological methanation
process adds extra complexity to the approach and reduces any energy benefit due to the lower
energy content of the treated stream.

Author Contributions: Conceptualization, X.G. and R.G.; methodology, X.G.; software, R.G.; validation, X.G.,
S.G-R,; formal analysis, R.G.; investigation, X.G.; data curation, R.G.; writing—original draft preparation, X.G.;
writing —review and editing, S.G-R.; visualization, 5S.G-R.; supervision, X.G. All authors have read and agreed

to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available upon request to authors.

Conflicts of Interest: The authors declare no conflicts of interest.


https://doi.org/10.20944/preprints202504.0732.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2025

Abbreviations

The following abbreviations are used in this manuscript:

CHP Combined heat and power
ER Equivalence ratio

HRT Hydraulic retention time
OLR Organic loading rate

LHV Lower heating value

SMP Specific methane production
VS Volatile solids

TS Total solids

WWTP Wastewater treatment plant
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