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Abstract: Anaerobically digested sewage sludges were used as feedstock in the production of activated
carbons through physical activation. These char samples were experimentally tested as adsorbents
for the removal of CO2 from a simulated biogas mixture. The CO2 concentration level allowed in
biomethane was fixed from the European Standards EN 16723-1 and EN 16723-2. The char yield and
the subsequent adsorption capacity values were studied, considering the operating parameters of the
process. A physical activation process was considered with the following parameters: the temperature,
the dwell time, the activating agent, the heating rate, the flow rate, and the method. Among the
adsorption tests, the activating temperature and the agent employed affected the CO2 removal.
The maximum adsorption capacity was achieved with nitrogen as an activating agent at 600 ◦ C,
with 2 h of dwell time (102.5 mg/g).
Keywords: pyrolysis; circular economy; wastewater; sewage sludges; biomethane; CO2 removal

1. Introduction
The amount of sludge produced from human activities has increased greatly due to
industrialization and urbanization during the past century. In Europe, the progressive implementation
of the Urban Waste Water Treatment Directive 91/271/EEC in all Member States has enhanced the
quantities of the sewage sludge requiring disposal, highlighting the necessity to investigate for
reliable, environmentally-benign and lasting technological solutions [1]. This typology of waste
can be considered as an urban burden, or as a valuable resource. This is related to the style of
waste management. The concept reported above is internationally recognized as a circular approach
for the recovery of matter, energy and economic value from waste [2–6]. Based on key literature
studies, the Circular Economy can be defined as: a regenerative system in which resource input and
waste, emission, and energy leakage are minimised by slowing, closing, and narrowing material
and energy loops. This can be achieved through long-lasting design, maintenance, repair, reuse,
remanufacturing, refurbishing, and recycling. Second, we define sustainability as the balanced
integration of economic performance, social inclusiveness, and environmental resilience, to the benefit
of current and future generations [7]. The disposal of the treated sewage sludges coming from the
wastewater treatment plants (WWTP) has been traditionally accomplished by the application of this
waste mainly for landfilling, soil conditioning, fertilization, the production of building materials
(e.g., concrete, bituminous mixtures), and road construction, etc. [8]. Another interesting disposal
solution is represented by the thermal route. Energy can be recovered using thermal processes,
involving incineration, gasification or pyrolysis, or specific mild pyrolysis, also called torrefaction.
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These techniques allow the reduction of the weight and volume of such wastes, and also their toxic
organic compound content [8,9]. Torrefaction aims is to upgrade the fuel characteristics of biomass
such that it can be co-combusted with coal or used as an independent fuel [10]. After torrefaction,
biomass is partly decomposed, and produces a solid uniform product with a very low moisture content
and a high heating value compared with the raw biomass.
Considering the circular approach, few studies have investigated the char production from several
biomasses through a thermal route, and its use as a growth substrate for microalgae [11,12] and leafy
vegetables [13]. Even fewer studies haved focused on carbon dioxide biofixation by microalgae, and the
potentiality of chars as a growth substrate [14].
A study by Huang et al. (2019) showed the ways in which the co-torrefaction of sewage sludges
was adopted for CO2 removal with an uptake of 53 mg/g [15], even if there are no further developments
of the CO2 fixed. Also in this work, the sewage sludges were considered as low-cost raw materials
to produce activated carbons, usable as adsorbents. Thermal treatments are indeed necessary in
order to develop the almost non-existent porosity structure of the starting materials, in an attempt to
achieve better adsorption capacity performances [16]. In general, the preparation of the precursors is
performed through one of the two different routes: physical or chemical activation. Both of the methods
foresaw carbonization and an activation phase, accomplished with a one-stage or two-stage process.
The carbonization is performed by pyrolyzing the sewage sludges in an inert atmosphere (mainly
nitrogen), with a temperature which is often below 800 ◦ C [1,17]. The pyrolysis generates three different
products: a volatile and gaseous fraction, vapours and tar components, and solid carbon residue
(char) [17,18]. This technique may also be considered as an interesting way to produce valuable fuels:
from solid to liquid or syngas phases. Indeed, the operating conditions may be selected to maximize
the yield in terms of the desired phase [19]. During the activation process, oxidizing agents like carbon
dioxide, air, and steam are adopted in the physical activation process. Meanwhile, activating agents
like potassium hydroxide (KOH), sodium hydroxide (NaOH), zinc chloride (ZnCl2 ), sulfuric acid
(H2 SO4 ), and phosphoric acid (H3 PO4 ), etc. [1] are employed during the chemical activation process.
The activation phase is crucial in order to develop a gas cleaning sorbent- like material [2,20–23]. It is
necessary to enhance the char structure, increasing, for example, the pore volumes and the specific
surface area [24]. In a two-stage process, the first step is related to the char production, while in
the second step becomes the crucial activation phase. On the other hand, with a one-stage process,
the passage from the carbonization to the activation is performed by switching the flowing gasses
(from inert to the oxidizing agent). Starting the thermal process by mixing the feedstock with the
activating agent in the chemical scheme can be accomplished. Making a comparison between the two
approaches, the one-stage thermal treatment allows us to save time and energy, and increase the final
carbon yield [25].
In this study, the physical activation was mainly conducted through thermal activation using
an inert gas or an oxidizing gas, such as nitrogen or air and carbon dioxide. During the direct
activations, the oxidizing agent was circulated from the beginning of the thermal treatment (transitory
and stationary phases).
The goal of this work is to analyse the behaviour of biochar obtained from raw sewage
sludges as an adsorbent, to separate the carbon dioxide contained in a typical biogas mixture
(CH4 /CO2 = 1.5). More precisely, the main intention is to investigate the technical feasibility to re-use
the anaerobically-digested sewage sludges as activated carbon precursors with the purpose to increase
the calorific value of biogas by removing carbon dioxide in a circular economy approach. The final
disposal of the CO2 fixed in the char will be evaluated, considering the char material as a growth
substrate for microalgae cultivation, thus increasing the potentiality as a biorefinery case study.
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2. Materials and Methods
2.1. Sample Preparation
The anaerobically-digested and dried sewage sludges represent the feedstock for the preparation
of the activated carbons. They were produced in the WWTP site of Turin (Castiglione Torinese, Italy).
The sludges are characterized by an irregular shape and size, ranging from 1 mm to around 2 cm of
equivalent diameter. The chemical composition of the sludges is both a function of the treatments
received in the WWTP and the source materials treated in the plant [26]. Table 1 summarizes the
feedstock features with three replicates. The biomass was characterized according to ASTM D3172-89
and ASTM D2015, respectively.
Table 1. Characterization of the sewage sludges, as received.
C (%)
H (%)
N (%)
S (%)
P (%)
SBET (m2 /g)
St-plot ext (m2 /g)
Vpores (d < 1.308 nm) (cm3 /g)
Vpores (d < 44.9 nm) (cm3 /g)
Stot.pores (m2 /g)

35 ± 0.8
4.8 ± 0.3
4.7 ± 0.1
<2
2.9 ± 0.08
0.33 ± 0.016
0.377 ± 0.015
0.00002 ± 1·10−6
0.00121 ± 6·10−5
0.111 ± 4.3·10−3

As (mg/kg)
Cd (mg/kg)
Cr (mg/kg)
Hg (mg/kg)
Ni (mg/kg)
Pb (mg/kg)
K (mg/kg)
Cu (mg/kg)
Se (mg/kg)
Zn (mg/kg)

5.6 ± 0.28
1.55 ± 0.08
224 ± 5.8
0.89 ± 0.03
147 ± 1.28
77 ± 3.4
1801 ± 41
388 ± 4.2
3.15 ± 0.34
1109 ± 13

The oxygen percentage may vary approximately in the range of 10–22% [27], while the ashes
occupy the remaining percentage. The received sewage sludges were properly milled and sieved
before the thermal treatment with a 1 mm size. The reduction in smaller particles was necessary to
match the adsorption reactor sizes, and to reduce the diffusion paths during the adsorption tests. It was
adopted as an aspect ratio of 15 (the diameter of the reactor/the average particle size).
The sample preparation also required pre- and post-characterization in terms of surface and volume
structure. The physical properties of the material were determined using an adsorption-desorption
system with nitrogen at 77 K (Micromeritics ASAP 2020 Plus instrument, Norcross, GA, USA).
The specific surface area was determined by applying the Brunauer, Emmett and Teller (BET) method
to the adsorption data. In this way, the adsorbents are understood and classified for the removal
of trace compounds. The volume of the micropores (pores < 2 nm) was calculated using the t-plot
method. This method is the most widely used to determine the volume of microporous materials. It is
based on standard isothermal data and thickness curves that describe the statistical thickness of the
adsorbent film on a sorbent surface. The samples were further characterized in terms of their chemical
composition using energy-dispersive X-ray spectroscopy (EDS). The chemical composition can be very
useful in order to understand the ways in which surface impregnation affects the adsorption dynamics,
the adsorbing interaction with the contaminating molecules, and the adsorption capacity itself.
2.2. Physical Activation and Adsorption Test Equipment
The physical activation of the milled sludges was accomplished in a 57 cm length and 3.4 cm
external diameter stainless steel tubular reactor. The sewage sludges loaded inside the reactor
were around 150 ± 5 g. The tests were carried out three times. The loaded reactor was placed
inside an electric furnace (500 We, C.I.T.T., Messina, Italy), as in the following scheme, see Figure 1.
A proportional–integral–derivative (PID) controller managed the electric oven. A temperature regulator
model HT MC1 was used to set the heating rate and the residence time of the process (Horst GmbH,
Lorsch, Germany). The operating temperature ranged from 200 ◦ C to 600 ◦ C. These values were
considered to simulate the coupling with high-temperature fuel cells gas exhausts, see [3,28].
The thermocouple (k-thermocouple, Tersid, Milan, Italy) was placed on the surface of the reactor
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inside the oven and connected to the temperature controller. The physical activation was assessed
using nitrogen, carbon dioxide and air. Methane and carbon dioxide were used to simulate the biogas
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where mchar indicates the mass of the solid quantity remaining in the reactor at the end of the thermal
treatment
(g),
and
mraw
the mass of the starting raw material to be activated (g).
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The residence time is the second parameter that affects the activated char yield. One and two
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therefore,
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The activated biochar sample structure slightly improved in comparison to the feedstock material
due to physical activation. Table 2 summarizes the results related to the specific areas (the BET and
t-Plot methods were adopted) and the volume variation of the selected samples. All of the samples
evaluated showed a general improvement in their physical characteristics. However, the activated
biochar’s textural characteristics revealed a much less developed porosity compared to the commercial
activated carbons (generally higher than 1000 m2 /g) [31,41]. These differences may be due to the
fact that:
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The high inorganic fraction present in the feedstock which does not volatilize severely limits the
porosity development [24];
The tar fraction produced during the pyrolysis may adhere to the inner activated biochar’s surface,
and could occlude and block the porous gaps [38];
The adoption of the physical activation scheme lowers the development of the porosity, rather than
the chemical activations [24,27].

-

The isothermal adsorption/desorption curves of the activated sample at 500 ◦ C for 2 h in nitrogen
are shown in the Supplementary Materials (S4). The adsorption isotherm for nitrogen approximates
the adsorption curve characteristic of the II Type (according to the IUPAC classification). This category
is Fuels
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macroporous
or nonporous solid adsorbents.
2020,from
1, FORthe
PEER
REVIEW
9 of 18

Figure
5. Element
concentration
variation
in comparison
with the
precursor(temperature
composition
Figure
5. Element
concentration
variation
in comparison
with the precursor
composition
2
and
CO
2
the
as
activating
agents.
(temperature
range
400–600
N
range
400–600 ◦ C),
with
N2 and°C),
COwith
the
as
activating
agents.
2

3.3. COThe
2 Adsorption
activatedCapacity
biochar sample structure slightly improved in comparison to the feedstock
material
due todioxide
physical
activation.
Table 2 summarizes
the results
relatedoftothe
thefixed-bed
specific areas
(the
The carbon
capacity
was determined
by monitoring
the response
column
BET
and
t-Plot
methods
were
adopted)
and
the
volume
variation
of
the
selected
samples.
All
of
the
with a simulated biogas blend (35% CO2 and 65% CH4 ) and identifying the breakthrough time from
samples
evaluated
showed
a general improvement
in theireffects,
physical
However,
the
the
data recorded
by the
mass spectrometer.
The co-adsorption
likecharacteristics.
acid gasses (e.g.,
hydrogen
activated
biochar’s
textural
characteristics
revealed
a
much
less
developed
porosity
compared
to
the
sulphide) and siloxanes [42,43] have not been kept into account in the current study. Other relevant
2/g) [31,41]. These differences may be due
commercial
activated
carbons
(generally
higher
than
1000
m
parameters for the adsorption tests are the following:
to the fact that:
Biogas flow rate: 153.8 Nml·min−1 ;
The high
fraction
present
in the
−1 ; feedstock which does not volatilize severely limits the
- - GHSV
(gasinorganic
hourly space
velocity):
131·h
porosity
development
[24];
Cb : CO2 breakthrough concentration limit: 2.5%.
The tar fraction produced during the pyrolysis may adhere to the inner activated biochar’s
The
biogasand
flow
rate occlude
and the GHSV
were
changed
surface,
could
and block
thenot
porous
gapsduring
[38]; the experimental activity; for this
reason,
their
influence
adsorption
capacity
was not
examined
in the current
The carbon
The
adoption
ofon
thethe
physical
activation
scheme
lowers
the development
of work.
the porosity,
rather
dioxidethan
adsorption
capacity
was
computed
using
the
following
equation:
the chemical activations [24,27].

The isothermal adsorption/desorption
activated
sample at 500 °C for 2 h in nitrogen
Q ×curves
tb × of
COthe
× 44,000
2conc
CO2cap =
(2)
6
are shown in the Supplementary Materials (S4).
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3.3. CO2 Adsorption
Capacity
tb (s) is the breakthrough time;
 carbon

The
dioxide capacity was determined by monitoring the response of the fixed-bed
l
Q min
is the simulated biogas flow rate;
column with a simulated biogas blend (35% CO2 and 65% CH4) and identifying the breakthrough
- timeCO
(ppmv)
is the totalby
CO
in the mixture;
2concthe
2 concentration
from
data recorded
the
mass spectrometer.
The co-adsorption effects, like acid gasses
(e.g., hydrogen sulphide) and siloxanes [42,43] have not been kept into account in the current study.
Other relevant parameters for the adsorption tests are the following:
-

Biogas flow rate: 153.8 Nml·min−1;
GHSV (gas hourly space velocity): 131·h−1;
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mg

-

44,000 ( mol ) is the CO2 molar weight;


l
22.4 mol
is the molar volume of an ideal gas;

-

msorb (g) is the mass of the sorbent;
106 is the unit conversion from ppmv to molar concentration.

-

The carbon dioxide breakthrough was fixed to a concentration limit of 2.5%, according to
the European limits EN 16723-1 and EN 16723-2 received from the EN 16726. This is the value
fixed from the EU Directive for the maximum carbon dioxide concentration allowed in biomethane.
These requirements have been adopted for grid injection and its utilization in the transport sector.
The carbon dioxide adsorption capacity was analyzed considering the thermal activation
parameters, as performed for the activated char yield in the previous paragraph. All of the results
obtained are summarized in Table 3.
Table 3. CO2 adsorption capacity results.
Sample Label

Adsorption Capacity vwc
(mgCO2 ·g−1 )

Adsorption Capacity Dry
(mgCO2 ·g−1 )

S0
S11
S12
S1
S21
S22
S2
S23
S24
S11N
S12N
S13N
S21N
S22N
S23N
S24N
S25N
SA1
SA2
SA3
SB1
SB2
SB3

4.0
2.4
3.7
4.4
4.9
7.7
16.1
19.6
35.0
5.2
9.9
10.6
5.1
10.9
27.7
36.5
47.7
-

9.9
4.6
11.1
20.1
6.3
9.4
26.2
49.1
35.5
6.4
11.9
17.2
8.9
13.4
43.5
62.3
68.5
5.7
13.0
15.5
18.4
45.7
42.5

S0 original sample, S11 (200 ◦ C/1 h with CO2 ), S12 (300 ◦ C/1 h with CO2 ), S1 (400 ◦ C/1 h with CO2 ), S21 (200 ◦ C/2 h
with CO2 ), S22 (300 ◦ C/2 h with CO2 ), S2 (400 ◦ C/2 h with CO2 ), S23 (500 ◦ C/2 h with CO2 ), S24 (600 ◦ C/2 h with
CO2 ), S11N (200 ◦ C/1 h with N2 ), S12N (300 ◦ C/1 h with N2 ), S13N (400 ◦ C/1 h with N2 ), S21N (200 ◦ C/2 h with
N2 ), S22N (300 ◦ C/2 h with N2 ), S23N (400 ◦ C/2 h with N2 ), S24N (500 ◦ C/2 h with N2 ), S25N (600 ◦ C/2 h with N2 ),
SA1 (200 ◦ C/2 h with Air), SA2 (300 ◦ C/2 h with Air), SA3 (400 ◦ C/2 h with Air), SB1 (400 ◦ C/2 h with N2 -CO2 ), SB2
(500 ◦ C/2 h with N2 -CO2 ), SB3 (600 ◦ C/2 h with N2 -CO2 ).

The peak temperature achieved during the thermal treatment is one of the most significant
parameters in terms of the structural modifications of the feedstock. A positive correlation between
the temperature and the carbon dioxide capacity can be observed. The temperature growth is the
main factor responsible for the textural changes in the activated biochar sample. The enhancement of
the specific surface area and the total pore volume makes more sites available for the carbon dioxide
removal. A significant role is also played by the metals’ concentrations. The positive correlation
between the temperature and the pH makes the activated biochar’s structure more neutral/alkaline at
the highest range of temperatures, enhancing the number of the “base sites where the carbon dioxide
may react like a Lewis acid” [41].
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The dwell time is another parameter the value of which influences the filtering performances.
For both of the physical activation methods adopted, a higher residence time directly affects the
adsorption capacity. This correlation may be due to the release of volatile substances (at the same
temperature), which is confirmed by the decrease of the activated char yield value (Figure 3). Table 2
describes the samples obtained with direct carbon dioxide activation at 400 ◦ C (for 1 h and 2 h).
A general improvement for physical characteristics was recorded. The BET surface area, the t-plot
external surface area, the total volume, and the area were improved, while a slight decrease of the
volume with pores smaller than 1.308 nm was recorded.
The outcomes reported above were obtained with variable water content (vwc) in the activated
biochar samples. The post activation drying treatments showed better results. Those samples were
heated overnight at 100–110 ◦ C and 180 ◦ C, both for pyrolysis and direct carbon dioxide activation.
This process was accomplished for the sample that was thermally activated just before the carbon
dioxide adsorption test, in order to remove the humidity accumulated from the air. The moisture still
contained in the activated samples seemed to have negatively affected the adsorption behaviour of the
activated biochar. The water contained in the sorbent structure should be responsible for the reduction
of the available pores. Considering the results summarized in Table 3, 400 ◦ C seems to be the minimum
carbonization temperature to obtain an acceptable performance.
Considering the activation method’s influence, the pyrolysis revealed the best results. The activated
biochar samples obtained from the one-stage method and the direct carbon dioxide activation methods
had similar behaviours. The direct activation with air was considered only in a low-temperature range
(200–400 ◦ C). The air would represent an interesting agent for physical activation due to its costs.
Monsalvo et al. obtained similar BET surface areas and micropore volume values in the low range
of temperatures (200–400 ◦ C). These values can be comparable to samples activated at much higher
temperatures (700–800 ◦ C) [24].
The best-activated biochar sample obtained was the S25N dried (68.5 mg/g), activated at 600 ◦ C
in the pyrolysis condition. An optimization was conducted, analysing the effects of the variation of
the other parameters on the adsorption performances (residence time, dehydration degree, heating
rate, flow rate). The dwell time was the first parameter considered for the optimization process.
The reference activated biochar sample (S25N dried) was compared with the same sample activated
physically for 3 h (S35N dried). Figure 6a illustrates the ways in which the carbon dioxide adsorption
capacity seemed to be almost unchanged when the residence time was switched from 2 to 3 h. Moreover,
there aren’t significant changes in the activated biochar’s structure derived from sewage sludges [24].
The optimal residence time selected was 2 h. This result is advantageous for at least two reasons:
-

It gives a higher amount of the solid fraction produced during the physical activation due to the
greater yield value (53.7 vs. 46.6%);
It results in lower energy costs during the thermal treatment for char production.

Further investigations of the post-activation drying treatments were carried out: a temperature of
approximately 180 ◦ C was adopted to dry the activated biochar sample S25N overnight after the thermal
treatment. In Figure 6b, these performances are shown (S25N dried). This improvement may be due to
the greater dehydration degree achieved by the sample treated at the highest temperature. The second
parameter that was explored is the flow rate of the nitrogen utilized during the thermal activations,
which was fixed at 300 Nml·min−1 . In Figure 6c, the S25N dried biochar sample’s adsorption capacity
is compared with a sample activated and treated in the same conditions, but with a flow rate equal to
500 Nml·min−1 . The results showed the sharp decrease of the activated biochar’s performances in
these conditions. Some authors [44] have reported the trend of the BET surface area and micropore
volume with the flow rate variation during the physical activation process. Despite some differences
with the current study (the activating agent, the type of feedstock), it has been displayed that below
200 Nml·min−1 and above 400 Nml·min−1 flow rates, the BET surface area and the micropores volume
showed a sudden decrease, identifying a plateau of the optimal values approximately in the flow rate
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range values 200–400 Nml·min−1 . A similar trend may be hypothesized for the current study too,
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favour a better formation of the pores, because the gases can be released slowly without the collapse
and there is the possibility to use such ashes for the CO2 removal for the biomethane production [47].
or deformation of the activated char [45]. Moreover, the increase of the heating rate value from 10 to
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Gonzalez
et al.
(2013) used
carbon
adsorbents
for post-combustion
CO2 capture,
carbon
dioxide
separation,
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an uptake of 102.5
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achieving an uptake that ranged from 66 to 198 mg/g [49].
-

Temperature: 600 °C;

4. Conclusions
Dwell time: 2 h;
Drying temperature: 170–180 °C;
This work stressed the possibility offered by sewage
sludges as starting materials for the production
Physical activation flow rate: 300 Nml·min−1;

of adsorbents. Encouraging results were achieved for carbon dioxide removal. The carbon dioxide
removal of such sorbents was also compared to other materials. The thermal activation of sewage
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sludges was considered as an effective method for the manufacturing of the carbons. This method
follows sequentially the circular economy approach for waste reuse. The pyrolysis of sludges
could represent a profitable alternative for the disposal of such waste. Moreover, the production of
by-products, such as biofuels, is an interesting consequence to pursue in further research. These fuels
can be used for CHP applications (oil and gas) or duty truck engines in the transport sector (oil) [50], etc.
Efforts were dedicated to the optimization of the adsorbents. The most important variables
are reported in order of importance: temperature and dwell time. The best adsorption capacity for
CO2 removal (102.5 mg/g) was achieved at an operating temperature of 600 ◦ C, a dwell time of 2 h,
and a physical activation flow rate of 300 Nml/min.
Despite these results, a lower temperature was selected (400 ◦ C). This temperature value allows the
improvement of energy savings and possible integration with complex systems with high-temperature
energy generators, but with limited exhaust temperature gases (400 ◦ C). The results achieved will be
used in the industrial scale-up at the WWTP facility in Turin, where a biochar substrate rich with CO2
will be used for algae production. The preliminary results, already published, will be used for this
biomass conversion purpose [51,52].
Supplementary Materials: The following are available online at http://www.mdpi.com/2673-3994/1/1/4/s1,
Figure S1: N2 adsorption/desorption isotherms for the biochar sample SST5002hN2, Figure S2: CO2 adsorption
capacity at different temperature (1–2 h holding time fixed, variable water content), Figure S3: Dwell time
comparison between 1 and 2 h for direct activation with CO2 and pyrolysis (variable water content), Figure S4:
Drying treatment effect on the biochar samples activated with a dwell time of 1 h, Figure S5: Drying treatment
effect on the biochar samples activated with a dwell time of 2 h, Figure S6: CO2 adsorption capacity comparison
with different methods.
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Nomenclature
BET
C
Cb
CHP
CO2cap
CO2conc
Dry_x
EDS
GHSV
H
IUPAC
mchar
mraw
msorb
N
N2 /CO2 /Air/N2 -CO2

P

Brunauer–Emmett–Teller analytical method
carbon content (%)
CO2 breakthrough concentration limit
Combined Heat and Power
CO2 adsorption capacity (mgCO2 ·gsorb −1 )
CO2 concentration (ppmv)
biochar samples which received further post-drying treatment at the “x”
temperature
Energy Dispersive X-ray Spectrometry
Gas Hourly Space Velocity (h−1 )
hydrogen content (%)
International Union of Pure and Applied Chemistry
mass of char (g)
mass of feedstock (g)
mass of sorbent (g)
nitrogen content (%)
Respectively, nitrogen used only, carbon dioxide used only, air used only,
nitrogen for the transitory phase and carbon dioxide for the stationary phase
(one-stage method)
phosphorous content (%)

Fuels 2020, 1

PID
Q
S
SBET
SOFC
SS
Stot.pores
St-plot ext
tb
Vpores (d < 1.308 nm)
Vpores (d < 44.9 nm)
vwc
WWTP
ychar

44

proportional–integral–derivative controller
simulated biogas flow rate (l min−1 )
sulfur content (%)
active surface evaluated with BET method (m2 /g)
Solid Oxide Fuel Cell
sewage sludge
total surface of pores (m2 /g)
active surface evaluated with t-plot method (m2 /g)
breakthrough time (s)
microporous pores (cm3 /g)
mesoporous pores (cm3 /g)
variable water content
WasteWater Treatment Plant
Char yield (%)
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