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ABSTRACT

Carbons derived from pyrolysis and activation of waste biomass are attracting much attention as components of
energy technologies, such as batteries, supercapacitors and fuel cells. This experimental study focuses on the
production of a high-surface-area biochar (LAC) obtained from the treatment of lignin-rich waste of a biodigester
plant, by applying KHCO3 as an activating agent. The pyrolysis-activation conditions were set by following the
process by thermogravimetric analysis and by checking the purity and porosity of the resulting carbon by several
analytical techniques. The best pyrolysis condition provided a microporous carbon featuring up to 1840 m? g1,
which was demonstrated at a 25 g biodigestate batch-scale. Moreover, the production process was critically
analyzed by means of life cycle assessment to identify environmental hotspots and thus derive recommendations
for process optimization. The impact of substance- and energy-recovery and the use of renewable energy sources
on the sustainability of the product was demonstrated in several scenarios, complemented by benchmarking and
an outlook regarding further optimization needs. In the best case scenario, the global warming potential of the
proposed biochar could be reduced to 15.9 kg CO»-eq per kg of LAC. The activating agent KHCO3 was dominant
in almost all environmental impact categories, hence, a theoretical recovery process for this substance was
suggested and evaluated via life cycle assessment.

1. Introduction

element, possessing desirable characteristics such as high electrical
conductivity, abundance on earth, cost-effectiveness and high stability

Electrochemical energy storage and conversion devices have a
tremendous impact on the energy transition pathway towards a decar-
bonized society. Batteries, supercapacitors, fuel cells and electrolyzers
are considered to be the most efficient technologies for renewable en-
ergy management, conversion and storage. Different forms of carbon are
present in all these systems and are selected, processed and modified
differently, according to their application [1]. Carbon is a strategic

in various electrolytes including aqueous and organic solutions. These
features enable carbon exploitation for different uses: to improve the
conductivity of electrodes, to store charge (by ion capacitive adsorption
or faradaic insertion), and to promote electrocatalytic processes.
Furthermore, carbonaceous materials can be easily produced by pyrol-
ysis of biomass from many renewable feedstocks and organic wastes
(mainly from agriculture and food residues) [2]. Pyrolysis is a
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thermochemical technology used to convert biomass into energy and
chemical materials. The products are classified as liquid bio-oil, solid
biochar, and pyrolytic gas (syngas) [3]. During biomass pyrolysis, many
reactions occur in parallel and in series, including dehydration, depo-
lymerization, isomerization, aromatization, decarboxylation, and
carbonization (i.e. charring). Large-scale and low-cost production of
biochar, derived from biomass [4-6], might contribute to the valoriza-
tion of waste materials within a circular economy framework. Indeed,
the manufacturing of energy technologies by exploiting waste-derived
components such as biochar for batteries, supercapacitors and fuel
cells perfectly addresses the 5 R principle (Reduce, Reuse, Recycle,
Recover and Restore) that underpins the foundation of the waste-energy
nexus [7]. Biomass utilization for energy technologies also supports
several of the 17 Sustainable Development Goals (SDS) of the UN, such
as SDG 7, which aims at ensuring “access to affordable, reliable, sus-
tainable and modern energy for all” [8,9].

Biomass-based products can, under certain conditions, have a miti-
gating effect on climate change through the sequestration of CO5 from
the atmosphere and the substitution of fossil-based products with
potentially higher CO, emissions, thus reducing further emissions.
However, both effects need to be thoroughly evaluated in every case to
avoid drawing incorrect conclusions. During growth, biomass removes
CO,, from the atmosphere and fixes the carbon in its structure. This is per
se a carbon negative mechanism. However, when producing a product
from biomass feedstock, the production process also causes CO5 emis-
sions, which may even exceed the amount sequestered by the biomass.
Whether a biomass-based product causes positive, neutral or negative
CO4 emissions in its lifecycle depends on the aforementioned carbon
balance and on the timeframe of the assessment: if long-term storage of
the sequestered biogenic carbon can be achieved, the carbon uptake of
the biomass may be considered a negative emission; if the carbon is
released again to the atmosphere after a short period of time, for
example through combustion processes, the carbon balance of short-
term sequestering and releasing of biogenic CO5 would be regarded as
neutral. But even short-term removal and storage of atmospheric COy
can have a certain mitigating effect, as the stored carbon does not
contribute to climate change during the storage period [10,11].

Recently, considerable effort has been devoted to refining the
physicochemical properties of biochars, focusing on aspects such as their
porous architecture, surface area, particle size, morphology, degree of
graphitization, and surface decoration through functional groups and/or
heteroatoms. Notably, these properties depend on the biomass feedstock
and pyrolysis parameters, often including chemical and/or physical
activation steps. The latter are mainly adopted to improve the specific
surface area, which is especially important for the development of
supercapacitors and electrocatalytic systems (fuel cells and electro-
lyzers) [12-16]. The progress in the use of biomass-derived carbons for
electrochemical energy storage/conversion systems has been thor-
oughly reviewed by Escobar et al. (2021) [17]. In their work, the authors
discussed the role of biomass precursors, pyrolysis methodologies and
activation treatments for the production of biochar with desired textural
properties and surface chemistries [17]. During pyrolysis, the biomass is
carbonized in an inert atmosphere (e.g. under nitrogen) at high tem-
peratures typically ranging from 600 to 900 °C. This process subjects the
carbon-rich organic feedstock to heat treatment to eliminate the
non-carbon elements. The resulting biochar typically has relatively low
porosity, comprising elementary crystallites with a large number of in-
terstices, often filled with “disorganized” carbon residues (tar). The
activation process, which can be integrated into the pyrolysis step, opens
the pores and creates additional porosity. There are two main routes to
activate carbonaceous materials: physical and chemical activation,
which use oxidizing gases or oxidizing agents (e.g. KOH, NaOH, ZnCly,
H3PO,) [18-21].

In terms of precursors, lignin-rich biomass is expected to provide
high a carbon yield due to its higher thermal stability compared to
cellulose and hemicellulose [22,23]. Cellulose, hemicellulose and lignin
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constitute the majority of biogenic carbon sources [24-28]. In addition,
lignin is emerging as a strategic resource, because it is the second most
abundant compound, following cellulose, within the plant kingdom. It
serves as a by-product of many important industrial sectors, ranging
from the paper industry to biodigester plants. It is expected that by 2030
global lignin generation will surpass 225 million tons per year [29-31].
Lignin-rich source pyrolysis and activation have been thoroughly
investigated and lignin-derived activated biochar has been proposed for
supercapacitors and fuel cells [32-39]. Highly porous carbons have been
derived from lignin-rich precursors using various chemical and physical
activation processes [40]. Under appropriate activation conditions, it is
possible to obtain materials with surface areas and pore volumes
approaching 2000 m? ¢! and 1 cm® g7}, respectively. Relevant pub-
lished data on the properties of activated chars from different ligno-
cellulosic precursors are available in Refs. [40,41].

Potassium bicarbonate (KHCO3), which is not classified as a haz-
ardous substance according to the European CLP directive [42], is
emerging as a chemical activating agent because of its less corrosive and
more environmentally friendly behaviour, as compared to alkaline ox-
ides [43-49]. Activated biochar using KHCOs from real lignin-rich
biodigestate wastes (Lignin Activated Carbon - LAC) displays a specific
surface area higher than 1800 m? g~! [38]. In our previous works, we
demonstrated that LAC can be used to produce electrodes for super-
capacitors as well as inorganic and microbial fuel cells [38,39,50].
Notably, LAC features more than 100 F g~! in aqueous electrolytes and
enables the design of a supercapacitor with a specific energy of 10 Wh
kg™ L. As an electrocatalyst, LAC features high electrochemical oxygen
reduction reaction (ORR) activity, especially at high current densities in
a neutral environment in an air-breathing microbial fuel cell. When
functionalized by metals, such as iron and manganese, LAC is an
excellent electrocatalyst for oxygen reduction in  both
proton-exchange-membrane and anion-exchange-membrane fuel cells
[38,39].

Overall, LAC can be considered as a strategic material for the eco-
design of energy-related technologies in Europe. Indeed, as an
example, today the activated carbon used for supercapacitor electrodes
comes from resources that are located mainly outside Europe, such as
coconut shells [51]. Hence, LAC offers the opportunity to exploit local
and widespread biodigester wastes and transform them into valuable
components in the energy storage/conversion supply chain. Biogas
production is gaining increasing importance in the course of energy
transition [52], with growing amounts of biodigestate to be expected in
the future. Using local or regional precursors for production of activated
carbon in Europe reduces the dependency on resources from other world
regions and the need for transport over long distances. In addition,
technology levels as well as environmental protection standards often
are stricter in Europe than in other regions of the world.

With this view, in the recent European Project HyFlow, we aimed at
exploiting LAC to develop a supercapacitor to be combined with a va-
nadium redox flow battery in a hybrid energy storage system for
renewable energy plants [53]. Despite the preliminary evidence of the
great potential of LAC for supercapacitor applications that was
demonstrated at the small cell level, further assessment was required to
evaluate its use in the HyFlow demonstrator, which would need a LAC
amount in the kilogram scale. Specifically, a deeper analysis of the effect
of the pyrolysis conditions on the carbon yield and porosity, as well as
the identification of environmental hotspots of the LAC production
process were needed. Indeed, to date, the production and electro-
chemical performance of this char have been demonstrated solely at the
laboratory scale using batches of a few grams. Large-scale production
plants are not available, yet. The engineering of LAC production requires
great attention to pyrolysis and activation processes, which should be
tailored considering the end-use of the biochar, in our case super-
capacitor production.

Production yield and porous architecture of the biochar are key
features for this use-case. In turn, they are affected by pyrolysis/
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activation conditions. Indeed, during the high-temperature phase of the
thermal activation, the oxidizing atmosphere generally increases the
pore volume and surface area of the material by means of a controlled
carbon “burn-off” with the elimination of volatile pyrolysis products.
The level of burn-off is extremely important and is controlled by tem-
perature: a high degree of activation is achieved by increased burn-off,
which in turn lowers the production yield [54,55].

Hence, unlike in our previous work, that was mainly focused on the
demonstration of LAC performance for specific applications, such as
supercapacitors and fuel cells, here we focus on the evaluation of the
biochar production process, in view of its upscaling. We deeply analyze
the one-step pyrolysis/KHCOs-activation of LAC from real biodigester
waste, focusing on the effect of time and temperature on production
yield and carbon porosity, as well as on the evaluation of the energy
content of pyrolysis by-products. By taking into account data collected
by thermogravimetric analysis on the milligram scale, we define pro-
duction protocols that we applied to the pyrolysis of small (7 g-scale)
and larger (25 g-scale) batches. The porous architecture of the produced
biochars was evaluated by Nj-adsorption porosimetry, scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM).
Raman spectroscopy and X-ray Diffraction (XRD) were used to get
insight into LAC graphitization. In parallel, quantitative pyrolysis-
activation analysis provided important information on the energy con-
tent of the by-products, allowing for the development of possible valo-
rization strategies.

In the second part of this study, the suggested LAC production pro-
cess was critically evaluated from an environmental perspective through
life cycle assessment (LCA). Even if benchmarking of a new product or
process that is still under development with comparable (commercial)
products is of high interest to stakeholders, the main and most sensible
goal of LCA of a process at a low technology readiness level usually is the
identification of environmental hotspots, thus deriving potentials for
environmentally-targeted process optimization [56]. Based on the re-
sults of the hotspot analysis of the LAC production process, various
scenarios were assessed to demonstrate the influence of substance- and
energy-recovery, along with the utilization of renewable energy sources
on the sustainability of the product. Special caution is required when
comparing a process at a low technology readiness level to a process at a
high technology readiness level or to a proven industrial process, such as
industrial AC from hard-coal, by means of life cycle assessment, as this
can easily lead to misinterpretations due to scaling effects and possible
future process changes and developments [56]. To allow for a more
robust benchmarking, the suggested LAC production process was
upscaled from a gram to a kilogram batch-scale by applying the meth-
odology developed by Picchinno et al. (2016) [57] for LCA of chemical
processes. However, various limitations of benchmarking still remain in
our case and were thoroughly discussed in this publication.

No LCA of a bio-based AC production process for electrochemical
application with KHCOg3 as activating agent, which could serve as a
direct reference, was found in literature; however, there exists a number
of LCA studies on bio-based AC applying other activating agents,
including steam [58], H3PO4 [59,60], ZnCl, [59] or, most common for
chemical activation [61], KOH [62]. Wang et al. (2022) [62], who
applied KOH, found that this activating agent causes a large share of the
environmental impacts of the AC production process, especially
regarding the global warming potential (GWP). They also showed that
recycling of KOH from process waste water and thus avoiding the
disposal of hazardous waste, would have the potential to significantly
lower GWP emissions of the AC production process. However, they
chose a simplified approach for their recycling scenario by applying an
assumed recycling rate of 90 % [62]. Montes and Hill (2018) [61] have
already demonstrated that, in fact, KOH can be recovered from activa-
tion waste water, but did not investigate their recycling process with
LCA. Based on this literature research, we assumed that KHCO3 would
also have a high environmental impact on the LAC production process,
requiring the development of possible mitigation strategies.
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2. Experimental details

This section describes the investigated LAC production process and
the methodologies applied for laboratory analyses and LCA.

2.1. Lignin-derived biochar production

The biochar precursor was a solid waste (not digested quote) derived
from an anaerobic biodigester plant (Biotech Sys. S.r.l., Bologna) fed
with energy crops (corn and wheat silages) and a minor quote of dung.
As with any waste material, biodigestate composition can vary, poten-
tially affecting biochar yield and morphology. To simplify our study and
minimize variability, we utilized the same identical sample of bio-
digestate source for producing the various biochars. The biodigestate
was washed with a water/ethanol mixture, dispersed in an aqueous
solution with a mild activating agent (KHCO3), and pyrolyzed at 800 °C
or 900 °C for 1 h or at 850 °C for 30 min under nitrogen. The resulting
biochar underwent sieving, deashing with 3 M HCl and washing. A
detailed description of the materials and processes used to prepare the
batch for subsequent pyrolysis is reported in Section 3.1.2 and in the
Supplementary Information file and is summarized in Table S1. Table 1
reports the codes for the different pyrolyzed batches, along with their
pyrolysis conditions.

The pyrolysis process was followed by thermogravimetric analysis
(TGA) and quantitative pyrolysis (hereinafter bench-scale pyrolysis) of
the impregnated biodigestate. TGA was performed by TA instrument
TGA Q50. Both argon and oxygen flowed continuously during the
analysis at flow rates of 40 mL min~! and 60 mL min~}, respectively.
Quantitative pyrolysis was conducted by mimicking the operational
conditions of the pyrolysis/activation tests previously explained above
(5 °C min~! to 850 °C under continuous N2) [63,64]. Each product
resulting from quantitative pyrolysis was collected separately [63,64] to
determine the mass yields of the pyrolysis products. After bench-scale
pyrolysis, solid biochar, potash-glass and liquid bio-oil portions were
recovered, weighed and analyzed. The gas fraction (known as pyrolytic
gas or syngas) was collected in a laminated gasbag (Supel™-Inert
Multi-Layer Foil), volumetrically measured, and analyzed using a
gas-chromatography (GC) system equipped with a thermal capture de-
tector (TCD) to quantify the fractions of Hy, CH4, CO3, CO and Nj.
Subsequently, the mass of the gas portion was calculated by multiplying
the gas volume with the gas density at room temperature (RT) and
pressure.

2.2. Chemical-physical characterization

Nitrogen adsorption porosimetry analysis was performed to investi-
gate the textural properties of the produced biochar. After drying for 24
h at 413 K, measurements were carried out at 77 K, using ASAP 2020
system (Micromeritics). The specific surface area (Sggr) and pores size
distribution (PSD) were quantified using the Brunauer-Emmett-Teller
(BET) and density functional theories (DFT). Morphological features
and chemical composition of the samples were studied using scanning
electron microscopy (SEM, Zeiss EVO 50 microscope) equipped with an
energy-dispersive X-ray analyzer (EDS, Oxford INCA Energy 350

Table 1
Codes and pyrolysis conditions of the LAC batches.

Sample Mass of biodigestate Mass of KHCO3 Pyrolysis conditions

B7.1 12g 24 g Ramp 5 °C min ™! to 850 °C
Isothermal at 850 °C for 30’

B7.2 7.7¢ 15.4 ¢ Ramp 5 °C min~! to 900 °C
Isothermal at 900 °C for 60’

B7.3 78 14 g Ramp 5 °C min~? to 800 °C
Isothermal at 800 °C for 60’

B17 243¢g 48.7 g Ramp 5 °C min~! to 850 °C

Isothermal at 850 °C for 30’
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system). Raman analysis was performed using a micro-spectrometer
Renishaw Raman RM1000 connected to a Leica microscope DMLM
(obj. 5 x , 20 x . 50 x ). The available source was an Ar" laser (A =
514.5 nm). The system was supplemented with a notch filter for the Ar*
laser to eliminate Rayleigh scattering. The instrument was equipped
with a charge-coupled device detector with thermo-electrical cooling
(203 K). X-ray diffraction (XRD) analysis was performed to obtain dif-
fractogram patterns. The results were obtained using a PanAnalytical
X’Pert apparatus with a copper target and nickel filter in the 10 °-60° 26
range and using an X’Celerator detector at 40 kV and 40 kA. Trans-
mission electron microscopy (TEM) images were obtained using a Phi-
lips CM100 (accelerating voltage 80 kV), and deionised millipore H,O
was used as a dispersing agent for the preparation of TEM carbon
samples.

The electrochemical behaviour of the biochar was evaluated by cy-
clic voltammetry in 6 M KOH. Single electrode tests were carried out
using single-coated AC electrodes with Nickel foam as the current col-
lector. The results were compared with those obtained with commercial
carbon (PICA BP10). The electrode materials were prepared by mixing
the active material (PICA or LAC), SUPER C65 Conductive Carbon Black
(C65, Imerys) and polyvinylidene fluoride at a ratio of 8:1:1, followed by
the addition of N-methyl-2-pyrrolidone (NMP) solution to form a slurry.
The slurry was coated onto the prepared Ni-foam and dried at 60 °C
overnight. A Biologic VSP multichannel potentiostat/galvanostat was
used. Cycllic Voltammetries (CVs) were run at room temperature (RT) at
10 mVs .

2.3. Life cycle assessment

To evaluate the environmental impacts caused by the production
phase of LAC, a cradle-to-gate LCA following the four phases of ISO
14040/14044 LCA standards [65,66] was conducted: definition of goal
and scope, life cycle inventory (LCI), life cycle impact assessment (LCIA)
and improvement and interpretation. By defining the goal and scope, the
further design of the LCA study is framed and expectations of all
involved parties are aligned. Subsequently, the LCI is created by
compiling information on process inputs and outputs and performing
mass- and energy-balances. The results of the LCI analysis are then
transferred into environmental impacts in a step called LCIA by applying
harmonized LCIA methodologies. And finally, LCIA results are discussed
and complemented by a sensitivity analysis and an overview of the
limitations and weaknesses of the study. The process of LCA is iterative,
ensuring a continuous alignment between the different steps and an
adaption of these if necessary [65-70]. For more information on the
applied LCA methodology, standard works such as the ones by Frisch-
knecht et al. (2020) [67], Guinée et al. (2002) [68], Curran (Ed.) (2014)
[69] or Klopffer and Grahl (2014) [70] are recommended.

2.3.1. Goadl, scope and functional unit

The goal of this LCA study was to perform a cradle-to-gate LCA of the
here suggested LAC production process, with the discussion focusing on
climate change (resp. GWP), followed by benchmarking with other AC
products. As the LAC production still is in an early development phase,
environmental hotspots in the suggested production process should be
identified, thus deriving recommendations for process optimization. The
scope of this LCA comprised the steps of biomass-farming, anaerobic
digestion, transport and LAC production through pyrolysis, activation
and purification. Environmental impacts inferred by the use and
disposal of the LAC were not assessed. The production of the LAC and its
precursor took place in Italy, therefore the geographical system
boundary was defined as Europe. The functional unit of this LCA is 1 kg
of produced LAC.

2.3.2. Life cycle inventory
LCI data were mainly derived from the suggested laboratory-scale
LAC production process and complemented by datasets from LCA
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databases and valid literature sources. Laboratory-scale process data
were upscaled applying the framework of Piccinno et al. (2016) [57] for
LCA of chemical processes. For LCA modelling GaBi ts 10.7 software and
professional database [71] as well as ecoinvent 3.8 [72] and AGRIBA-
LYSE [73] LCA databases were used. As the LAC production process took
place in Italy, European LCI background datasets from databases were
used whenever available.

2.3.3. Life cycle impact assessment and sensitivity analysis

For LCIA the harmonised ReCiPe 2016 q(H) v1.1 methodology [74]
was selected, translating the results of the LCI analysis into environ-
mental impacts in two steps. In the step of classification, LCI results are
assigned to impact categories, followed by the calculation of category
indicator results for each impact category with the help of substance
characterization factors. ReCiPe 2016 reports 18 midpoint impact cat-
egories [69,74], including climate change, ozone depletion, ecotoxicity,
human toxicity, eutrophication or land use, measured through midpoint
category indicators (complete list in Table S2 and Table 5). The CO4
uptake of biomass from the atmosphere during growth was considered
as neutral in this study, hence the midpoint category indicator “GWP,
excluding biogenic carbon” was selected to represent the midpoint
impact category “climate change”. The discussion of the LCIA results in
this study focuses mainly on climate change (resp. GWP); however, re-
sults for all other midpoint impact categories in ReCiPe 2016 are pro-
vided as well, with further details made available in the Supplementary
Information. A comparison to benchmark AC products in terms of car-
bon footprint was included in the benchmarking section. In the initial
hotspot analysis, the most relevant contributors to LCIA results in the
base-case scenario were determined. To assess how indicators for all
ReCiPe 2016 [74] midpoint impact categories change, when altering the
values of these main contributors, a sensitivity analysis was performed.
Values were varied by +£10 %, +20 % and +30 % (Fig. S6).

2.3.4. Scenario development and benchmarking

Based on the identified environmental hotspots, several scenarios for
process optimization were developed, aiming at the reduction of the
environmental impacts of the proposed LAC production process, spe-
cifically regarding the midpoint impact category of climate change
(resp. GWP). A comparison of the results for the base-case and the best-
case LAC scenario to benchmark AC products in terms of carbon foot-
print is included in the benchmarking section.

3. Results and discussion

In this section the results of the laboratory analyses, as well as of the
LCI analysis and the LCIA are presented and critically discussed.

3.1. The pyrolysis process

3.1.1. Analysis of the pyrolysis-activation processes

TGA and bench scale pyrolysis were carried out to understand the
effect of pyrolysis conditions on the biochar yield. With regard to TGA,
we followed the thermal behaviour of the KHCOs-impregnated bio-
digestate under a thermal ramp of 5 °C min~}, followed by different
isotherm temperatures under argon flow (60 mL min ). Fig. 1 shows
the percentage-weight variation of the KHCOs-impregnated biodigestate
over time and temperature. In particular, the temperature was main-
tained at 800 °C for 60 min (TGA test A), at 900 °C for 60 min (TGA test
B) or at 850 °C for 30 min (TGA test C).

The TGA plots clearly show the stages of decomposition during py-
rolysis corresponding to a step variation in weight. Up to 800 °C, all TGA
profiles exhibit the same trend consisting of several stages. The initial
mass loss below 150 °C is mainly related to the removal of moisture [54,
55]. At ca. 150 °C the conversion of KHCO3 into K,COj3 takes place ac-
cording to equation (1):
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Fig. 1. Weight percentage trends over time and temperature during TGA of
KHCOgs-impregnated biodigestate under Ar flow for different isotherms: 800 °C
for 60 min (blue line, test A), 900 °C for 60 min (green line, test B), and 850 °C
for 30 min (red line, test C). (A colour version of this figure can be
viewed online.)

2 KHCO3 — K3CO3 + CO2 + H20 m

Simultaneously, the main constituents of the biomass, that is, cel-
lulose and hemicellulose (150-400 °C) and lignin (160-900 °C) start to
decompose. Above 200 °C up to 750 °C the mass does not change
significantly because the main process is the conversion of biomass into
carbon. Above 700 °C the sharp mass loss is due to the activation process
related to KoCO3 decomposition (T > 890 °C, Eq. (2)), carbon burn-off
(Eq. (3) and (4)), and carbon gasification (T > 850 °C, Eq. (5)):

K2CO3 - K20 + CO2 ()
3K20 + C — 4K + K2CO3 3
K2CO3 + 2C —» 2K + 3CO 4
C+CO2— 2CO %)

According to equations (3) and (4), it is important to keep the system
under N5 over cooling down to 150 °C, to avoid the reaction of metallic
potassium (generated during the activation process) with oxygen.
Therefore, to fully exploit the KHCOs activating agent, it is important to
reach at least 800 °C. Once achieved 800 °C, different isotherms were
performed. TGA test A (isotherm at 800 °C for 60 min) provides the
highest biochar-ash residue (28.6 %) because the temperature of 800 °C
is not sufficient to complete the activation process, even though the
isotherm is maintained for 60 min. Indeed, as mentioned above, carbon
burn-off and gasification start above 850° (see Eq. (4) and (5)). On the
other hand, TGA test B (isotherm at 900 °C for 60 min) results in a low
biochar-ash residue (4.4 %) because the high temperature of 900 °C
kinetically favours the activation process and carbon burn-off. Finally,
TGA test C (isotherm at 850 °C for 30 min) indicates that the activation
process at 850 °C for 30 min is sufficient to complete the activation,
maintaining a higher biochar-ash residue with respect to test B (7.6 %).

3.1.2. Activated biochar production

As detailed in the Supplementary Information and shown in Fig. 4,
the main steps of the conversion of the lignin-rich biodigestate into
activated carbon and the main challenges are.

e Preparation of biodigestate (washing and drying): the lignin-rich
biodigestate is washed with distilled water and an ethanol-water
solution to remove impurities, followed by drying at 80 °C overnight.
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Impregnation with potassium bicarbonate (KHCO3): a portion of
the dried lignin-source is mixed with an aqueous solution of KHCO3
and dried at 80 °C. This step is essential to ensure the homogeneous
distribution of the appropriate mass of activating reagent KHCO3 and
the lignin-derived biomass. The KHCOs-to-biomass mass ratio is a
key parameter that affects biochar porosity.

Pyrolysis/activation: the pyrolysis step is the core of the process
and the most sensitive and challenging part that can affect the
resulting specific surface area BET.

Deashing process: the samples are deashed to remove residues and
impurities using hydrochloric acid (HCI) treatment. At the laboratory
scale, this step is challenging in terms of time and resources, because
it uses the highest quantity of water and energy.

Drying: the washed activated carbon is finally dried at 80 °C over-
night before further use.

In order to explore the effect of different pyrolysis conditions on the
biochar texture, we carried out pyrolysis and activation of the bio-
digestate by following the 3 conditions simulated by TGA. As described
in Section 2.1, all pyrolysis-runs were performed with the same heating
ramp (5 °C min’l), followed by isotherms of 850 °C for 30 min for
sample B7.1 and B17, 900 °C for 60 min for sample B7.2 850 °C for 30
min for sample B7.1, and 800 °C for 60 min for sample B7.3 (Table 1).
After leaching, the carbon yield averaged over different samples was
approximately 10 % wt. with respect to raw biodigestate.

TGA analyses under O indicated the presence in the biochar of a
residual ash content of ca. 10 %. The morphological and textural
properties of the different batches were evaluated by using Ny adsorp-
tion/desorption isotherms at 77 K, SEM-EDS, TEM analyses, Raman
Spectroscopy and XRD. SEM images did not highlight any significant
differences among the different batches. They all feature 1-10 pm par-
ticles with large surface pores (few hundred nanometers wide) (Fig. S1).
In addition, they shared almost the same elemental composition
(Table S3).

Fig. 2 a)-b) show the N adsorption/desorption isotherms at 77 K and
the DFT pore size distributions in terms of the incremental pore volume
of the different biochar batches, respectively.

At low relative pressures, the isotherm branches of all batches show
sharp adsorption inflections which are indicative of type I materials that
are characterized by micropores [75]. However, the presence of a hys-
teresis loop for all samples at higher relative pressures (0.45 < P/P0O <
1.0) indicates that the produced biochars also contain mesopores (type
IV material). Moreover, by increasing the pyrolysis temperature from
800 °C (batch B7.3) to 900 °C (batch B7.2), the total adsorbed volume
increased. While the shape of the B7.2 (850 °C) isotherm is similar to
that of B7.1 and just shifted to higher volumes, the shape of the batch
B7.3 was different. Specifically, at the low relative pressures (p/p°< 0.1)
B7.2 isotherm slope is less steep than that of the other samples. In par-
allel, at 0.2<p/p°<0.8, unlike the B7.1 and B7.2 curves, the B7.3
isotherm almost linearly increases. These differences are related to
different pore volume distributions, as highlighted by the DFT analyses
reported in Fig. 2b and Table 2. Fig. 2b shows that the produced biochars
mainly feature micropores and mesopores smaller than 10 nm. The pore
volume between 2 and 7 nm increases with temperature. In this range,
pore size distribution changes with the increase in pyrolysis tempera-
ture, showing a shoulder in sample B7.2 (pyrolysis isotherm 850 °C) that
is absent in B7.3 (pyrolysis isotherm 800 °C) and becomes a well-defined
peak centred at approximately 3 nm in B7.2 (pyrolysis isotherm 900 °C).
The isotherm evolution can be explained by considering that, as
explained above, maintaining the temperature above 850 °C for an
excessive time increases micropore formation, but also promotes carbon
burn-off and gasification, which are responsible for the enlargement of
the smaller pores.

Table 2 charts the specific surface area BET (SSA), DFT micropore
volume, mesopore volume, and total pore volume ratios of the in-
tensities of the Raman D and G band (Ip/Ig) of the different batches. The
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Fig. 2. a) N, adsorption/desorption isotherms at 77 K, b) pore size distribution in terms of incremental pore volume of different biochar batches, and c-d) TEM
images at different magnifications of sample B7.1. (A colour version of this figure can be viewed online.)

Table 2
Specific surface area (BET) and micropore, mesopore, total pore volumes and ratios of the intensities of the Raman D and G band (Ip/Ig) of the different biochar
batches.
Sample BET Specific area (m%g™!) Micropore Mesopore Volume 2-50 nm (cm3g 1) Total pore volume (cm®g ™) In/Ig
Volume
<2 nm (cmg‘g’l)
B7.1 (850 °C) 1806 + 10 0.564 0.09 0.691 (<217 nm) 0.86
B7.2 (900 °C) 1734 £ 10 0.464 0.26 0.775 (<137 nm) 0.83
B7.3 (800 °C) 1711 £ 10 0.541 0.05 0.621 (<126 nm) 0.80
B17 (850 °C) 1842 £ 10 0.552 0.10 0.693 (<137 nm) -

highest SSA and micropore volume is achieved by tuning the pyrolysis
temperature to 850 °C and reducing the isothermal time from 60 to 30
min. Indeed, the B7.1 biochar exhibited the highest SSA of 1806 m? g~ _.
The B7.1 meso-microporous texture is highlighted by the TEM image
reported in Fig. 2(c and d). For B7.2 (900 °C, 1 h) and B7.3 (800 °C, 1 h)
SSA resulted 1734 m? g~ and 1711 m? g7}, respectively. Interestingly,
B7.2 featured the highest total (0.775 cm® g~!) and mesopore
(0.26 cm® g~ 1) volumes. This confirms that a high pyrolysis temperature
improved carbon activation but simultaneously caused the collapse of
micropores into larger ones. As expected, B7.3 presents lower pore
volumes with respect to B7.1 (see TEM images reported in Fig. S2).
Moreover, the Ip/Ig ratio across various batches correlates with their
specific surface areas; notably, it increases sequentially from B7.3 to
B7.2 and B7.1 [76].

Fig. S3 reports the XR diffraction patterns of the LAC samples that
display two broad (002) and (100) reflexes centred at 2 6 = 23° and 44°,
which are typical for amorphous carbons. These peaks represent the
stacking height (Lc) and lateral size of crystallites (La) [77]. As the
temperature increases, gradual narrowing of the (002) and widening of
the (100) reflections are observed (see Table S4), which correspond to a
slight increase of the stacking length (Lc) and a slight reduction in the
lateral size (La) of graphitic domains, respectively. The degree of
graphitization of activated carbons was evaluated by Raman spectros-
copy [76,78-80] and results are reported in Fig. S4 and Table 2. Carbons
are characterized by two peaks around 1350 cm ! and 1580 cm™!
addressed as D and G bands respectively, which are ascribed to in-plane

vibrations of carbons in the sp? configuration possessing defects (D) and
to in-plane vibrations of carbons in the sp? configuration of graphitic
materials (G) [81-85]. These bands can be found as two distinct peaks,
but in the case of biomass-derived chars, featuring a large amount of
amorphous carbon, they overlap. The overlapping region is called V
region (Valley) [76]. The ratio between the intensity of the D and G
bands can be used to evaluate the amorphous nature of the chars. The
ratio of the intensities of the D and G bands (Ip/Ig) reported in Table 2,
ranges between 0.83 and 0.88, which is expected for amorphous, high
surface area carbons like the lignin-derived activated biochars. Thus, the
Ip/Ig ratio of the different batches follows the trend of their specific
surface areas, increasing from B7.3 to B7.2 and B7.1 [76].

Overall, the process that provided the best porous architecture of the
LAC biochar was pyrolyzed at 850 °C for 30 min (B7.1 and 17). Hence
the following section focuses on such selected procedure.

We want to emphasize that employing a real biodigester waste
source, which naturally displays variability in composition, could
impact both the biochar yield and porosity. A standard deviation of
around 4 % was observed for the specific surface area among 14 samples
obtained from different source batches. The results presented in this
section focus on batches derived from the same washed biodigestate
source. This methodology was chosen to minimize variability and more
effectively showcase the impact of pyrolysis temperature and duration
on carbon yield and porosity.

The electrochemical behaviour of LAC was assessed by a voltametric
test run at 10 mV s~ ! in 6 M KOH. Electrodes with LAC-B17 exhibited
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140 + 10 F g7, a value that well compares to that of electrodes pro-
duced with the commercial carbon PICA BP10 (168 F g~!, with a BET of
1970 m? g h).

3.1.3. Quantitative pyrolysis

The KHCOs-impregnated biodigestate was subjected to bench-scale
pyrolysis, which was conducted in the same experimental conditions
as the pyrolysis/activation test. This means that the sample was heated
(in a nitrogen atmosphere) from RT (25 °C) to 850 °C (maintained for 30
min) with a temperature ramp of 5 °C min }, while collecting and
measuring the evolved pyrolysis products. Accordingly, the biochar
fraction was the most abundant product (46 % mass yield) of slow py-
rolysis of the impregnated biodigestate, which is in line with literature,
followed by the bio-oil fraction with 25 % mass yield. Noticeably, a
significant amount (20 % mass yield) of inorganic crystals (tentatively
named potash-glass), probably arising from high temperature treatment
of KHCO3 in reducing environment, was formed (Fig. 3). Lastly, the
pyrolytic gas fraction corresponded to 9 % of the overall mass and was
composed of CO, CO4, Hy, and CHy at concentrations of 64 %, 20 %, 13
%, and 3 %, respectively (carrier Ny gas was excluded). The chemical
energy yields were accounted according to the chemical-oxygen de-
mand-based (COD) methods already explained in detail elsewhere [86,
87], obtaining an energy yield of volatile substances of 1.3 and 3.0 MJ
kg~ ! feedstock for bio-oil and syngas fractions, respectively. These
values were used to calculate the thermal energy output of combustion
of pyrolysis by-products.

3.2. Life cycle assessment

This section provides detailed information on the compilation of the
LCI and a discussion of the LCIA results, including a sensitivity analysis.
This is followed by scenario development and the discussion of scenario
analysis results. The LCA study is finalized by benchmarking with other
AC products, a critical discussion of the study’s limitations and weak-
nesses and an outlook regarding further optimization needs and poten-
tials of the here presented LAC production process.

3.2.1. Life cycle inventory

The LCI for the production of LAC in the base-case scenario was
compiled based on data obtained from laboratory tests with batch B17,
which includes information on process steps, process parameters and
consumption of raw materials and auxiliary substances. The laboratory
process, which only yielded a few grams of LAC, was up-scaled by
applying the framework developed by Piccinno et al. (2016) [57] to a

20%

46%

9%

Biochar
Bio-oil
Pyrolytic Gas
Potash-glass

25%

Fig. 3. Mass distribution of pyrolysis products (850 °C for 30 min).
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1000 L reactor (Fig. 4), which would result in a LAC yield of approxi-
mately 9 kg per batch (the impregnation step requires the highest
reactor volume). The energy consumption for different process steps was
adopted from Glogic et al. (2022) [51] and approximated based on
Piccinno et al. (2016) [57]. The condensed LCI for the base-case scenario
is presented per 1 kg of final product (LAC) in Table 3. More details on
single process steps are provided in Table S5. In the base-case scenario,
no substance- or energy-recovery and no utilization of pyrolysis
by-products were considered and conventional energy sources were
applied. Fig. 4 schematizes the flow chart of the LAC-activated carbon
production process (B17 batch).

3.2.1.1. Process input. The anaerobic digester plant, which provides the
input material for the pyrolysis process, is situated in Italy and fed with
maize- and wheat-silage and a small quote of animal manure. The solid
waste (biodigestate) is rich in lignin. Suitable LCI datasets for the pro-
duction of “anaerobic digestate of maize silage” were derived from the
French LCA database AGRIBALYSE® [73] (agribalyse_v301_27052021),
including biomass-farming, storage in silo, anaerobic digestion and
drying of biodigestate to ca. 90 % DM. The corresponding inventories
can be found in the Supplementary Information (Tables S6-S8). An LCI
dataset for the production of the activating agent potassium bicarbonate
(KHCO3) was not readily available in the used LCA databases; therefore,
it was modelled following an US patent [88] for the production of
KHCOs3 from K2CO3 and COs. Process information as well as the resulting

Table 3
Life cycle inventory for production of 1 kg LAC (base-case scenario, B17 batch,
up-scaled).

Process Value  Unit Used background process
Input
Solid digestate from 10 kg Table S8

anaerobic digestor
(“biodigestate™), ca. 90 %

DM
Ethanol (bio-based) 12.6 kg Market for ethanol without
water 99.7 % solution from
fermentation, vehicle grade, CH,
ecoinvent 3.8
Potassium bicarbonate 17 kg Table S9
(KHCO3)
Nitrogen 0.6 kg Nitrogen (gaseous), Sphera, RER
Hydrochloric acid 5 kg Hydrochloric acid mix (100 %),
Sphera, DE
Deionised water 319 kg Water (deionised), Sphera, RER
Infrastructure 4E- units  Market for chemical factory,
10 organics, GLO, ecoinvent 3.8
Electricity 15.4 kWh Electricity grid mix, RER, Sphera
Heat 109 kWh Market for heat, district or
industrial, natural gas, Europe
without Switzerland, ecoinvent
3.8
Transport, lorry 6.96 tkm Lorry transport incl. fuel, Euro
0-6 mix, 22 t total weight, 17.3t
max payload, Sphera, RER
Transport, rail 38.6 tkm Rail transport, average train,
gross tonne weight 1,000t/726t
payload capacity, Sphera, EU-28
Output
Lignin activated carbon 1 kg
(LAC)
Potassium chloride (KCI) 12 kg
Syngas (pyrolytic gas) 9.9 kg
Liquid pyrolysis by-products 6.4 kg
Potash glass >1.6 kg
Wastewater, to wastewater 128 kg Waste water treatment (slightly
treatment organic and inorganic
contaminated), PE, EU-28
of which ethanol 5 kg
Water to air (emission) 191 kg
Ethanol to air (emission) 7.7 kg
Nitrogen to air (emission) 0.6 kg
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Fig. 4. Flow sheet of LAC production process (B17 batch), up-scaled. (A colour version of this figure can be viewed online.)

LCI to produce 1 kg of potassium bicarbonate can be found in the Sup-
plementary Information (Table S9).

The energy demand for the pyrolysis and activation step was adopted
from a publication on supercapacitor electrodes from coconut shell
activated carbon [51] and approximated based on the input masses of
the processes to compensate for the strongly differing product yields of
the cited study and the case presented here. The energy consumption for
pumping, mixing, filtration and drying was calculated for a 1000 L
reactor by applying the upscaling framework of Piccinno et al. (2016)
[57]. The most energy intensive process step in LAC production is drying
after impregnation. In contrast to other drying steps in the process, no
pre-dewatering (e.g. via filtration, centrifugation) is possible here to
avoid loss of the activating agent.

3.2.1.2. Process output. Pyrolysis of lignocellulosic biomass delivers
three main products: biochar, syngas and bio-oil. The yields of these
three products vary depending on the composition of the biomass
(lignin, cellulose and hemicellulose) and the pyrolysis operating pa-
rameters [89]. In the present case, a slow pyrolysis (slow heating rate
and long residence time) of lignin-rich biomass was performed, resulting
in a higher yield of the target product biochar. Syngas and bio-oil can be
thermally utilized to provide parts of the required heat for the LAC

production process. The amount and energy-content of these pyrolysis
by-products was assessed through the quantitative pyrolysis reported in
Section 3.1.3.

Originating from KHCOs, K is present in the solid pyrolysis residue
as K2COs. In order to remove K from the activated carbon, leaching
with hydrochloric acid (HCl) was performed. In this leaching-step po-
tassium chloride (KCl) is formed according to equation (6). The yield of
KCl was determined through stoichiometric calculations.

2HCL +K>CO5; — 2 KCl + H,0 + CO, (6)

3.2.2. Life cycle impact assessment results and sensitivity analysis

The LCIA of the base-case scenario (hotspot analysis) showed that the
production of LAC from anaerobic biodigestate caused a GWP (excl.
biogenic carbon) of 63.3 kg CO2-eq per kg of LAC (Table 5). The main
contributors to GWP, as displayed in Fig. 5, were KHCOgs, the heat
consumption for drying steps, which was supplied by natural gas in the
base-case scenario, and ethanol, which was used as a solvent in a
washing step before pyrolysis and activation. Details for all other ReCiPe
2016 midpoint impact categories were provided in Fig. S5 of the Sup-
plementary Information. KHCO3 had the highest impacts in most impact
categories in the base-case scenario, except for land use, marine eutro-
phication and ozone depletion. While for climate change (resp. GWP)

Global warming potential of LAC production

70
654 63.3
60 - [ ]Heat
55 : Electricity
g T 504 Water
A el
o
2 %D 407 3%8 371 PolaZsium Ir))icarbonate
E g s | [ | Chemical factory, organics
g g 301 ; Rail transport
= L:D 251 Waste water treatment
é = 20 17.6 15.9 L |Dried biodigestate (~90% DM)
15 . Hydrochloric acid mix (100%)
104 ] Ethanol, 99.7%, from fermentation
5 e Total
0 T T T T T
Base case Scenario 2 Scenario 3 Scenario4 Scenario 5

Fig. 5. Global warming potential of production of 1 kg B17-LAC in different scenarios.
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the contribution of ethanol, which was used for initial washing of the
raw biodigestate, accounted for less than 10 % in the base-case scenario,
it was dominant in the three aforementioned categories and also
featured a high impact in fine particulate matter formation and terres-
trial acidification. Heat, which was supplied by natural gas in the base-
case scenario, showed a high impact especially in climate change and
fossil depletion, but also in photochemical ozone formation (ecosystems
and human health); however, it was not the dominant contributor in any
impact category. It can be summarized that the highest impacts in the
base-case scenario for all ReCiPe 2016 midpoint impact categories were
caused by KHCOj3 or by ethanol, followed by heat from natural gas.

A sensitivity analysis was performed by varying the used amounts of
these three main contributors. Altering the amount of KHCO3 had a high
impact on most impact categories, while changing the consumed heat
(from natural gas) specifically targeted climate change and fossil
depletion. Varying the amount of ethanol had a major influence on land
use, marine eutrophication, photochemical ozone formation (ecosys-
tems and human health), ozone depletion and terrestrial acidification.
Details on the sensitivity analysis are provided in §2.3 and Fig. S6 of the
Supplementary Information.

3.2.3. Scenario development for LCA

The initial hotspot analysis revealed that the highest potentials for
reducing the environmental impacts of the LAC production process lie in
the optimization of the use of KHCOj3, ethanol and heat. If the primary
intention of process optimization was the reduction of GWP, specifically
KHCOs3 and heat should be targeted, as found in the sensitivity analysis.
Based on these insights the optimization scenarios reported in Table 4
were developed. Scenarios 2 to 5 shall demonstrate the effects of sub-
stance- and energy-recovery and of the utilization of renewable energy
sources on the LCIA results of the LAC production process.

In Scenario 2 energy was recovered from the pyrolysis by-products
(syngas and bio-oil) and the remaining energy demand was covered
by renewable sources. Assuming a burner efficiency of 80 %, approxi-
mately 24 kWh of thermal energy per kg of LAC can be provided to
partially supply the heat demand of the process. The remaining 86 kWh
of required process heat per kg of LAC (drying steps at 80 °C) were
modelled to be provided through a heat pump. A previous work by our
group [90] showed that high-temperature heat pumps can reach a co-
efficient of performance (COP) of 3, which would result in an electricity
demand of 29 kWh kg ! of LAC. Options for heat sinks for the heat pump
are outside air, process waste heat (waste heat from drying steps) or
other available sources of (waste) heat. The heat pump was modelled to
be supplied with 100 % renewable electricity (renewable European
electricity mix, Table S10).

In Scenario 3 ethanol was recovered through distillation from
washing wastewater (filtration step 2) and reused in the LAC production
process. The energy demand for distillation was adopted from L. Vane
(2008) [91].

In Scenario 4 KHCO3 was recovered from KCI, which was formed
during the leaching step, and reused in the LAC production process. The

Table 4
Scenarios for LCA of LAC production process.
Scenario Description
Base-case No utilization of by-products, no substance- or energy-recovery,
scenario conventional sources of energy (natural gas and European
electricity grid mix)
Scenario 2 Energy-recovery from pyrolysis by-products, 100 % renewable
sources of energy
Scenario 3 Recovery of ethanol from washing waste-water, energy-recovery
from pyrolysis by-products, 100 % renewable sources of energy
Scenario 4 Recovery of KHCO3, energy-recovery from pyrolysis by-products,
100 % renewable sources of energy
Scenario 5 Recovery of ethanol, recovery of KHCO3, energy-recovery from

pyrolysis by-products, 100 % renewable sources of energy
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following recovery route is suggested here but has not been verified in
the laboratory tests in this project. No loss of K™ was assumed during
activation, pyrolysis and leaching steps. KHCOg is formed in three steps
from KCl, following below equations [88,92-95]:

2KCl+ 2H,0 — 2KOH + Cl, + H, )
2KOH + CO» - K,COs3 + H,0 (8)
K2C03 +H20 + C02—>2KHC03 (9)

The first process step according to equation (7) was modelled with
the adapted ecoinvent 3.8 dataset “potassium hydroxide production,
RER”, which represents the production of KOH through electrolysis of
KCl brine [92,93] (Table S11). During electrolysis, the by-products Cly
and Hj are being formed. When producing 1 kg of KOH, approximately
0.63 kg of Cl, and 0.02 kg of Hy are formed according to stoichiometry.
However, allocation is already accounted for in the ecoinvent 3.8
dataset, therefore these two by-products are not listed in the LCI
(Table S11). The second process step according to equation (8) was
modelled with the adapted ecoinvent 3.8 dataset “potassium carbonate
production, from potassium hydroxide, GLO” (Table S12) [94,95]. The
third process step according to equation (9) is reflected in Table S9 [88].
For the electricity demand a renewable European electricity mix was
applied (Table S10) and the additional heat demand was modelled with
the Sphera dataset “process steam from biogas 95 %, AT”.

Scenario 5 combines all sustainability options from previous sce-
narios: recovery of KHCO3, recovery of ethanol, energy recovery from
pyrolysis by-products and supply of remaining energy demand via 100
% renewable sources.

3.2.4. Scenario analysis results

The results of the optimization of the LAC production process in 4
scenarios for all ReCiPe 2016 impact categories are presented in Table 5.
In the best-case scenario (scenario 5), combining all options of energy-
and substance-recovery and applying 100 % renewable energy sources
in the production process, the GWP (excl. biogenic carbon) of the LAC
production could be reduced to 15.9 kg CO,-eq kg ! LAC. Contributors
to GWP in all scenarios are displayed in Fig. 5. For all other ReCiPe 2016
midpoint impact categories further details are provided in Fig. S5 in the
Supplementary Information.

There was a reduction in environmental impacts between the base-
case scenario and scenario 5 for most impact categories, which can
mainly be attributed to the use of 100 % renewable energy sources for
the production process, as well as the recovery of the activating agent
KHCOs; however, this was not true for land use, which showed a peak in
scenario 4. This was mainly caused by the additional heat- and
electricity-demand for KHCOs-recovery that was modelled to be pro-
vided with 100 % renewable sources, as well as by the use of primary
bio-ethanol, which was not recovered in this scenario. Stratospheric
ozone depletion and marine eutrophication also showed peaks in sce-
nario 4, for the same reasons as mentioned above; however, a small
reduction could be achieved between the base-case scenario and sce-
nario 5. Metal depletion even peaked in scenario 5, which can be
attributed to the additional heat demand for KHCOs- and ethanol-
recovery. Through recovery of KHCOg3 (scenarios 4 and 5), a signifi-
cant improvement of indicator results in most impact categories could
be achieved, including climate change (resp. GWP). The optimization of
the energy supply, which was initially applied in scenario 2, strongly
reduced the impact values for climate change and for fossil depletion,
while the effect on all other impact categories was lower. The recovery
of ethanol (scenarios 3 and 5) only had a small positive effect on the
GWP and on several other impact categories, while a more distinct effect
could be observed on marine eutrophication, stratospheric ozone
depletion and terrestrial acidification. Ethanol recovery even deterio-
rated the impact value for metal depletion. Regarding the impact cate-
gories of land use, marine eutrophication, metal depletion and
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Table 5
LCIA results for the production of 1 kg LAC in different scenarios, according to ReCiPe 2016 q(H) v1.1 [74].

Midpoint impact category, Midpoint category indicator, ReCiPe2016 [74] Base-case Scenario Scenario Scenario Scenario

ReCiPe2016 [74] scenario 2 3 4 5

Climate change Global warming potential (GWP), excl. biogenic carbon [kg 63.3 38.8 37.1 17.6 15.9

CO2z-eq]

Fine particulate matter formation Particulate matter formation potential (PMFP) [kg PM2.5-eq] 0.06 0.06 0.06 0.04 0.03

Fossil depletion/fossil resource Fossil fuel potential (FFP) [kg oil-eq] 24.5 13.8 13.3 5.1 4.6
scarcity

Freshwater consumption/water use Water consumption potential (WCP) [m?] 0.69 0.67 0.64 0.52 0.49

Freshwater ecotoxicity Freshwater ecotoxicity potential (FETP) [kg 1,4 DB-eq] 1.28 1.26 1.22 0.26 0.23

Freshwater eutrophication Freshwater eutrophication potential (FEP) [kg P-eq] 0.016 0.016 0.015 0.004 0.004

Human toxicity, cancer Human toxicity potential, cancer (HTPc) [kg 1,4-DB-eq] 2.27 2.15 2.06 0.57 0.48

Human toxicity, non-cancer Human toxicity potential, non-cancer (HTPnc) [kg 1,4-DB-eq] 45.4 45.0 43.3 —1.42 -3.09

Ionizing radiation ITonizing radiation potential (IRP) [kBq Co-60-eq to air] 6.45 5.96 5.69 1.42 1.15

Land use Agricultural land occupation potential (LOP) [m? x yr/annual ~ 15.0 18.7 15.2 28.1 24.5

cropland-eq]

Marine ecotoxicity Marine ecotoxicity potential (METP) [kg 1,4-DB-eq] 1.7 1.6 1.6 0.35 0.3

Marine eutrophication Marine eutrophication potential (MEP) [kg N-eq] 0.017 0.017 0.013 0.020 0.015

Metal depletion/mineral resource Surplus ore potential (SOP) [kg Cu-eq] 0.19 0.20 0.22 0.25 0.28
scarcity

Photochemical ozone formation, Photochemical oxidant formation potential: ecosystems 1.64 1.63 1.63 1.62 1.62
ecosystems (EOFP) [kg NOy-eq]

Photochemical ozone formation, Photochemical oxidant formation potential: human health 1.06 1.05 1.05 1.04 1.04
human health (HOFP) [kg NOx-eq]

Ozone depletion Ozone depletion potential (ODP) [kg CFC-11-eq] 8.3E-05 7.9E-05 6.0E-05 9.5E-05 7.7E-05

Terrestrial acidification Terrestrial acidification potential (TAP) [kg SO»-eq] 0.22 0.21 0.18 0.16 0.13

Terrestrial ecotoxicity Terrestrial ecotoxicity potential (TETP) [kg 1,4-DB-eq] 189.4 188.1 182 45 38.8

stratospheric ozone depletion, which did not exhibit their minimal
values in scenario 5, a further optimization of the use of ethanol and, this
especially concerns metal depletion, of the heat consumption of the
process should be targeted.

Fig. 6 exhibits the energy consumption of the LAC production process
in all scenarios. The process step of “drying after impregnation (heat)”
showed the highest energy demand. Compared to the base-case scenario,
the net-energy-consumption decreased in scenario 2, because of thermal
utilization of pyrolysis by-products and supply of residual heat-demand
via a heat pump. In scenarios 3 to 5 the net-energy-consumption
increased again, due to the additional energy demand for ethanol-
(scenario 3) or KHCOgs-recovery (scenario 4) or a combination of both
(scenario 5).

3.2.5. Benchmarking

Comparing LCIA results from this study to benchmark data from
literature (Fig. 7), Wang et al. (2022) [62] reported a similar GWP per
kilogram of AC. Other sources delivered lower carbon footprints [51,
59-61]. Energy- and water-consumption per kilogram of AC for the
production phase were considerably higher in the process presented

here than in all cited studies, whereas the product yield (biomass
input/AC output) was lower (Table 6).

When comparing LCIA results of different AC products, their inten-
ded use, desired physicochemical properties, applied production pro-
cesses and LCA scope must be considered. AC for use in supercapacitor
applications has different quality requirements than AC for soil
amendment, fuel or for water-treatment. To meet the required quality
criteria of the LAC presented here, a multistage purification process was
applied after pyrolysis/activation: sieving, leaching and neutralization,
followed by several cycles of washing with water. Grinding of the ma-
terial was avoided to preserve the highly porous and delicate structure of
the LAC. Approximately 11 kg of solid residue obtained directly after
pyrolysis/activation resulted in only 1 kg of purified LAC as the final
product. In addition, washing and drying before pyrolysis, as well as
impregnation and subsequent drying turned out to be very water- and
energy-intensive. Wang et al. (2022) [62], who also used a potassium
salt (KOH) as activating agent and produced biogenic AC for super-
capacitor electrodes, neither described any washing steps before py-
rolysis, nor any leaching or further purification steps after pyrolysis.
They presented their LCIA results per kg of AC, which, in this case,

Energy consumption of LAC production
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Fig. 6. Energy consumption of production of 1 kg B17-LAC in different scenarios.
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Fig. 7. Global warming potential of production of 1 kg B17-LAC compared to benchmarks: lignocellulosic biomass without and with KOH recycling [62], olive-waste
cake [60], eucalyptus wood waste activated by ZnCl, or H3PO4 [59], hard coal [58], coconut shells [54]. (A colour version of this figure can be viewed online.)

Table 6
Benchmark for production of activated carbon.

Activated carbon GWP [kg Process LCA Designated Mass-ratio Water Energy Activation Energy or

precursor COzeq/ scale scope use of AC dry consumption in consumption of agent substance

kg AC] biomass/ production process  production process recovery?
AC [kg/kg AC] [kWh/kg AC]

Hard coal (ecoinvent 7.97 Industrial- Cradle- Wastewater 3 12.4 5.5 Steam assumed
3.8) [58] scale to-gate treatment

Lignocellulosic 62.78 Industrial- Cradle- Super- 8.9 n.a. 0.67 KOH no
biomass (energy scale (calc.)  to-gate capacitor
grasses, woody electrodes
biomass) [62]

Lignocellulosic 15.4 Industrial- Cradle- Super- 8.9 n.a. 0.67 KOH Recycling of
biomass (energy scale (calc.)  to-gate capacitor activating agent
grasses, woody electrodes KOH by 90 %
biomass) [62]

Olive-waste cake [60] 11.10 Lab-scale Cradle- Not indicated 1.48 8.4 3.1 H3PO4 not indicated

to-gate

Eucalyptus wood 8.58 Lab-scale Gate-to-  Not indicated 3.44 10.6 10 ZnCl, not indicated
waste [59] gate

Eucalyptus wood 5.58 Lab-scale Gate-to-  Not indicated 2.04 9.2 3.89 H3PO4 not indicated
waste [59] gate

Coconut shells [51] 5.68 Industrial- Cradle- Super- 3.65 17.9 5.3 Steam Energy recovery

scale (calc.)  to-gate capacitor from pyrolysis-/
electrodes activation by-
products

LAC - base case 63.3 Pilot scale Cradle- Super- 10 319 125 KHCO3 no
scenario (calc.) to-gate capacitor

electrodes
LAC - scenario 5 15.9 Pilot scale Cradle- Super- 10 339 96 KHCO3 Energy and
(calc.) to-gate capacitor substance
electrodes recovery, 100 %
renewable
energy
equaled the mass of solid residue directly after pyrolysis. Hjaila et al. did not describe any pre-washing steps, but a post-washing step with a
(2013) [60] assessed the environmental impact of AC from olive-waste water consumption of 9.2 kg per kg of AC. Hjaila et al. (2013) [60] and
cake, having no pre-washing of the precursor, but a post-washing, Heidari et al. (2019) [59] found high product yields (ratio input/output)

filtration and drying step, which reduced the mass of solid pyrolysis between 1.48 and 3.65, whereas Wang et al. (2022) [62] reported a
residue from 2.11 kg to 1 kg of final AC. Heidari et al. (2019) [59] also lower yield of 8.9, which is comparable to the product yield (10) of the
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here described process. It is also important to mention that Heidari et al.
(2019) [59] performed a gate-to-gate LCA, whereas in all other cited
studies on biogenic AC a cradle-to-gate LCA was conducted.

When analyzing these publications on biogenic AC in detail, it is
evident that the LCIA results of the cited studies cannot be compared
directly to the LAC presented here, particularly due to the high water
and energy consumption in the LAC impregnation step and the extensive
purification process after LAC pyrolysis/activation, which was not
applied in any of the cited studies. Regarding the AC from hard-coal, it
must be noted that the ecoinvent dataset for production of “activated
carbon from hard-coal” [58] represents optimized and well-proven
industrial-scale processes in Europe, resulting in a low GWP of 7.97 kg
CO9-eq per kg of AC. In addition, this hard-coal AC is intended for use in
wastewater treatment [58] and not for electrochemical energy stor-
age/conversion applications.

3.2.6. Limitations of LCA and outlook

Through LCA of the LAC production process in the base-case sce-
nario, environmental hotspots were identified, which served as the basis
for process optimization in scenarios 2 to 5. It has been demonstrated
that by applying substance- and energy-recovery and by using renew-
able sources of energy, the GWP (excl. biogenic carbon) of the LAC
production process could be reduced by up to 75 %. Beyond that, further
needs and options for process optimization, as well as limitations of this
study shall be discussed in this section.

The washing steps, as performed in the LAC laboratory tests, resulted
in a very high water consumption per kg of LAC, which was much higher
than the benchmark. In an industrial scale process it would be indis-
pensable to drastically reduce the water consumption through an exact
evaluation of the necessary water amount, potential selection of alter-
native washing or purification technologies and water recycling. The
process step of impregnating biodigestate with KHCO3 showed a very
high energy consumption, as all the water inserted in this step for
soaking the biodigestate needed to be removed again through evapo-
ration. This was the most energy intensive step of the LAC production
process, resulting in an overall energy consumption that was much
higher than the benchmark. An energy-efficient process design,
including heat integration, for this step and the entire process, is key to a
sustainable and competitive LAC product. Recycling of KHCO3 showed
the highest potential for reduction of environmental impacts of the LAC.
However, the theoretical recycling process that was described in this
study and possible losses of activating agent during LAC production still
need to be verified in laboratory tests. The optimization of the required
amount of KHCOs is also of importance. In addition, it would be worth
evaluating to what extent compromises in LAC purity (i.e. fewer puri-
fication steps) could be tolerated in favour of a better environmental
performance of the LAC production process.

For many substances or energy sources, there is more than one
dataset available in LCA databases, depending for example on the region
of origin, on slightly different material specifications or on other pa-
rameters. Thus, special care is required in order to select the most
appropriate dataset, as this choice can have a major influence on LCA
results. Special caution is also required when comparing a process at a
low technology readiness level, such as the one presented here, or to a
proven industrial process, such as AC from hard-coal, by means of LCA
[56]. Even if upscaling was applied to the LAC laboratory-scale pro-
duction process and some degree of process optimization was consid-
ered, the results cannot exactly reflect real future development due to
further research and possible process changes. Nonetheless, it is valu-
able to get a hint at an early stage on how an emerging process resp.
newly proposed product performs compared to benchmark, in order to
be able to assess if it might get competitive in the future in terms of
sustainability. However, the primary goal of an LCA at an early stage of
process development often is the identification of environmental hot-
spots, hence deriving recommendations for environmentally-targeted
process optimization [56], as was demonstrated in this study.
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4. Conclusions

In this publication we demonstrate the challenges of employing
pyrolysis-activation to produce AC from the lignin-rich solid digestate of
a European biodigester plant. We thoroughly analyzed the proposed
production process, starting from its study at the laboratory level to
conducting a life cyle assessment (LCA). By one-step pyrolysis and
activation with KHCOsg it is possible to transform the lignin-rich bio-
digestate wastes into a valuable product, that is, the lignin-derived high-
surface area carbon (LAC) for energy technologies. For such applica-
tions, it is of paramount importance to set the proper processing con-
ditions and to follow all the critical steps, including activation and
purification, that affect the structural and porous architecture of the
resulting biochar.

In our previous research, we illustrated the benefits of utilizing this
activated biochar in both supercapacitors and fuel cells. In this study, we
have emphasized the challenges associated with scaling up production.
While publications on producing high-surface-area carbons from waste
for electrochemical energy storage/conversion devices are rapidly
increasing, they predominantly focus on the performance of carbon
batches prepared at the laboratory scale. Only a few of them critically
examine the entire production process to comprehend the environ-
mental impacts of generating significant quantities (kilogram scale) of
biochar. To pinpoint any critical stages in the production process, we
meticulously followed each phase, while also elucidating the impact of
various pyrolysis ramps on carbon quality (evaluated through several
analytical techniques), determining carbon production yields (ca. 10 %),
and assessing pyrolysis by-products with high energy content, such as
bio-oil and syngas.

By pyrolyzing a biodigestate-KHCO3 mixture with a 1:2 mass ratio at
850 °C for 30 min, we obtained the best microporous architecture and
the highest specific surface area of 1840 m? g!, which was demon-
strated at a 25 g biodigestate batch-scale. This process also delivered
pyrolysis by-products with an energy yield of 4.3 MJ kg™! of dried
biodigestate impregnated with KHCO3_ We observed that increasing the
temperature above 850 °C and prolonging pyrolysis time over 30 min
improved carbon activation, but simultaneously caused the collapse of
micropores into larger ones, with a subsequent decrease in the specific
surface area. The best selected procedure was demonstrated from the
milligram up to the tens of gram scale, and the outcomes that were
gathered from the laboratory scale process study were exploited to
assess the sustainability of larger-scale production and to identify its
environmentally-targeted optimization routes.

The LCA of the LAC production showed a GWP (excl. biogenic car-
bon) of 63.3 kg COz-eq per kg of LAC in the base-case scenario, using
only conventional sources of energy and not applying any substance- or
energy-recovery. The activating agent KHCOs, followed by process-heat
from conventional sources and ethanol delivered the highest contribu-
tions to the overall GWP of the LAC. Based on these findings, several
scenarios for process optimization were suggested, resulting in a
reduction of the GWP to 15.9 kg COy-eq per kg of LAC in the best-case
scenario. This still is a higher value than for most cited AC products,
including AC from hard coal (7.97 kg COz-eq/kg AC); however, these
numbers should not lead to premature conclusions. AC from hard-coal is
produced in an optimized and well-proven industrial-scale environment
in Europe, whereas the LAC presented here features a low technology
readiness level. Moreover, the production processes of the cited biogenic
AC products do not include extensive purification steps after pyrolysis/
activation and have higher product yields than LAC. The targeted high
purity and quality of the LAC presented here for use in electrochemical
applications must be considered. It is expected that the GWP of the here
presented LAC can be further reduced on industrial scale through
advanced process optimization and potentially through compromises in
LAC purity.

Important aspects and challenges to be considered in the production
of LAC from anaerobic biodigestate for electrochemical applications are
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i) the low production yield (that is related to the carbon burn-off during
the activation step and to the final purification steps), ii) the need of a
chemical activating agent, iii) the need of ethanol, of high amounts of
water and of deashing processes to ensure high product purity and iii)
the increased energy demand, especially for drying steps. However, our
study demonstrates that the overall process can be redesigned for better
sustainability. We propose to recover KHCO3 from potassium chloride
(KCl), which is formed during the leaching step, to recover ethanol from
washing wastewater, to thermally utilize the energy-rich pyrolysis by-
products and to supply the residual energy demand via renewable
sources. Other important challenges in upscaling the proposed LAC
production process remain the high water consumption, which would
require water purification and recirculation on an industrial scale, as
well as the high energy demand, calling for advanced heat integration.
These are versatile approaches to be adopted for the design of a sus-
tainable supply chain of supercapacitors and other technologies that
require high surface area carbons derived from bio-wastes.

The increasing generation of waste, environmental pollution and
rising energy demands that go hand-in-hand with climate change, are
among the most pressing global issues today. Harnessing waste mate-
rials to produce valuable products can help in addressing these chal-
lenges. In our work, we demonstrate that the waste derived from
anaerobic biodigester plants can be efficiently utilized as functional
materials in technologies aimed at enhancing energy management, such
as supercapacitors. This approach allows for the mitigation of challenges
posed by the waste-energy nexus and also supports several of the 17
Sustainable Development Goals of the UN. Pyrolysis can be conducted
on various biomass sources. However, it is essential to carefully assess
the environmental impacts of the applied process as well as its costs.
These two factors should guide the method selection.
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