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The global Sustainable Development Goals highlight the necessity for affordable and clean
energy, designated as SDG7. A sustainable and feasible biorefinery concept is proposed for
the carbon-negative utilization of biomass waste for affordable H, and battery anode ma-
terial production. Specifically, an innovative tandem biocarbon -+ NiAlO -+ biocarbon catalyst
strategy is constructed to realize a complete reforming of biomass pyro-vapors into H,+CO
(as a mixture). The solid residues from pyrolysis are upgraded into high-quality hard carbon
(HCs), demonstrating potential as sodium ion battery (SIBs) anodes. The product, HC-1600-
6h, exhibited great electrochemical performance when employed as (SIBs) anodes (full cell:
263 Wh/kg with ICE of 89%). Ultimately, a comprehensive process is designed, simulated, and
evaluated. The process yields 75 kg H,, 169 kg HCs, and 891 kg captured CO, per ton of
biomass achieving approx. 100% carbon and hydrogen utilization efficiencies. A life cycle
assessment estimates a biomass valorization process with negative-emissions (—0.81 kg CO,/
kg-biomass, reliant on Sweden wind electricity). A techno-economic assessment forecasts a
notably profitable process capable of co-producing affordable H, and hard carbon battery
anodes. The payback period of the process is projected to fall within two years, assuming
reference prices of 13.7 €/kg for HCs and 5 €/kg for H,. The process contributes to a novel
business paradigm for sustainable and commercially viable biorefinery process, achieving
carbon-negative valorization of biomass waste into affordable energy and materials.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1. Introduction

Energy security and environmental pollution have become
major global concerns [1]. The present energy system faces
challenges related to global warming and fossil fuels depletion,
demanding immediate action through the use of renewable
energy sources. Affordable and clean energy production from
biomass waste has the potential to decouple energy produc-
tion from fossil resources and the resulting CO, emissions.
This could significantly aid in attaining the global sustainable
development goals and the 2030 Agenda for Sustainable
Development [2,3]. Moreover, achieving negative emissions
from renewable and carbon-neutral resources is considered
essential [4,5] to fulfill the goals of the Paris Agreement.
Therefore, it is a clear priority for future biomass research to
explore the utilization of biomass waste for producing afford-
able and clean energy with negative emissions [6].

The implementation of biorefinery processes based on
renewable bio-resources, mainly lignocellulosic biomass, has
become of paramount importance in light of the impending
future energy demand [7-9]. The main challenge associated
with lignocellulosic biorefinery approaches lies in the realm of
conversion technologies [10]. Currently, the existing ligno-
cellulosic biorefineries based on thermochemical routes
mainly involve the separate valorization of lignin, cellulose,
hemicellulose into value-added products. Due to the distinct
structures and different physicochemical properties of lignin,
cellulose, and hemicellulose, a uniform strategy cannot be
applied to generate valuable products from all these compo-
nents. As a result, an integrated biorefinery approach and
process optimization are imperative. Liao et al. [11] developed
an integrated biorefinery with a low—carbon footprint. Their
proposed integrated biorefinery achieved conversions of 78

and 76 wt%, respectively, of the initial mass and carbon con-
tent of birch wood being economically and sustainably valo-
rized into four high-value end-products.

Nonetheless, integrated biorefinery approaches necessi-
tate meticulous design to uplift the product valorization rates
and economic value along with the optimization of mass and
energy flow through the system. The technologies should be
uncomplicated, resilient, and concurretnly economically
viable and eco-friendly. It is obvious that the existing process
required further improvements in terms of economics, tech-
nological improvements and appropriate process integrations
to reduce the environmental burdens.

The cost-effective production of H. and carbon-based bat-
tery anodes from biomass waste, coupled with the capture of
CO,, is believed to be one of the ideal biorefineries for the
future [12]. Hz stands as one of the most promising clean en-
ergy carriers in the future [2,13]. Augmenting the production
of renewable H2 from biomass could significantly contribute
to global decarbonization efforts [14]. The production of high-
quality battery-grade carbon from abundant and renewable
biomass resources serves to address the substantial demands
for batteries driven by the continuously expanding markets of
portable electronics and electric vehicles [15,16]. Captured CO,
can be sequestered within subterranean geological forma-
tions, manifesting as negative emissions. Envisioning a sus-
tainable and lucrative biorefinery that achieves negative
emissions holds significant promise and represents a pio-
neering effort [17]. Projects involving transport and storage of
industry-captured CO, have been intiated in Europe [18],
facilitating the integration of negative emissions with bio-
refinery systems.

In this work, a novel biorefinery is developed to produce
affordable H, and battery carbon anodes, concurrently
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achieving negative emissions (Fig. 1). A biomass pyrolysis and
in-line catalytic reforming process was developed to convert
pyro-vapors into syngas characterized by elevated H, + CO
concentrations. A remarkably effective and stable
biocarbon + NiAlO + biocarbon reforming catalyst was inno-
vated and examined for the first time. Its primary function is to
enable complete conversion of the volatiles derived from py-
rolysis into syngas (H, + CO) and water, serving as the foun-
dational aspect of this study. Meanwhile, a two-step thermal
treatment process of biochar was integrated to convert it into
high-quality hard carbons (HCs), which are employed as an-
odes in sodium-ion batteries (SIBs). The electrochemical per-
formance of HCs was assessed in both half-cell and full-cell
batteries. The effect of the thermal treatment conditions on the
structure of HCs and the correlation between their structure
and electrochemical performance were elucidated. Based on
the experimental results, a sustainable biorefinery business
paradigm is simulated and assessed, with H, battery carbon
and captured CO, being envisioned as final products.

Compared to the existing biorefineries, our proposed bio-
refinery process accomplished comprehensive utilization of
biomass waste through relatively straightforward and resil-
ient technologies, thereby attaining elevated resource effi-
ciency and negative carbon emissions. Consequently, this
approach serves to furnish established and emerging markets
with high-value-added end products.

2. Materials and methodology
2.1.  Materials

2.1.1. Biomass

The used biomass in this study was a pine and spruce mixture
obtained from Svenska Cellulosa AB (SCA). The properties of
the biomass feedstock are listed in Table S1. Prior to con-
ducting the experiments, the biomass samples were subjected
to drying in an oven at 105 °C until a consistent weight was
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achieved. Subsequently, the samples underwent sieving, and
particles within the size range of 1-1.25 mm were selected for
further use.

2.1.2. Catalyst

The biocarbon catalyst used for carbon reforming in this work
was prepared via the thermal treatment of biomass pyrolysis
biochar (denoted as biocarbon-500) at a temperature of 800 °C
for 3 h in this work, denoted as biocarbon-800. Thereafter,
biocarbon in a particle size range of 1-1.25 mm was used in
order to reach a reasonable pressure drop. The element
composition of biochar and biocarbon can also be seen in
Table S1.

NiAl,O, spinel-type catalyst (NiAlO spinel) was prepared
via impregnating Y-Al,O5 support with an aqueous solution of
nickel (II) nitrate hexahydrate (Ni (NOs),-6H,0). Ni
(NOs),-6H,0 (99.9985%) and Y-Al,05 (1/8 in. pellets) were both
purchased from Alfa Aesar company. In this study, the loading
of Ni in the catalyst was 10 wt %. To prepare the catalyst, Y-
Al,O; pellets were initially ground into powder form. Subse-
quently, the powdered Y-Al,0; was impregnated with Ni
(NOs3),-6H,0 solutions. The mixture was then placed at room
temperature under magnetic stirring for 3 h to achieve com-
plete impregnation. Thereafter, the slurry was put in a drying
oven at 105 °C overnight. Finally, the catalyst was calcined in a
muffle furnace at 750 °C for 3 h. Afterward, the catalyst was
subjected to calcination in a muffle furnace at a temperature
of 750 °C for a duration of 3 h. Prior to conducting the exper-
iments, the prepared catalyst underwent grinding and sieving
to achieve a particle size range of 1-1.25 mm.

2.2.  Biomass pyrolysis and in-line catalytic reforming
over tandem biocarbon + NiAlO spinel + biocarbon catalyst

In this study, biomass pyrolysis and in-line catalytic reform-
ing over tandem biocarbon + NiAlO spinel + biocarbon cata-
lyst tests were all conducted using a two-stage reactor, which
is depicted in Fig. S1. The entire system comprises several
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Fig. 1 — Carbon-negative valorization of biomass waste into affordable green hydrogen and battery anodes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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sections, including a carrier gas supply section, a two-stage
fixed-bed reactor, a cooling section, and an online gas collec-
tion and analysis section. The two-stage reactor system con-
sists of two furnaces, with the left furnace serving as the
pyrolysis reactor and the right furnace as the catalytic
reforming reactor. Prior to the experiments, the catalytic
reforming reactor was loaded with a layered arrangement of
5 gof biocarbon, 5 g of Ni—Al spinel catalyst, and another 5 g of
biocarbon. Additionally, 10 g of biomass sample was pre-
stored in a short storage tube. Nitrogen (N,) gas was used as
carrier and protective gas, which was introduced into the
system at a flow rate of 200 mL/min. The pyrolysis reactor and
the catalytic reforming reactor were then heated to their
respective set temperatures: 500 °C for pyrolysis and 800 °C for
catalytic reforming. Once both reactors reached the desired
temperatures, the biomass sample was fed into the pyrolysis
reactor to initiate the test. The resulting upgraded volatiles
were subsequently condensed by passing through a series of
cooling bottles immersed in a cooling bath maintained at
—15°C. Non-condensable gas was collected in a 25 L TedlarTM
gas bag for further analysis.

2.3. Two-step thermal treatment of biochar

Biochar produced from the biomass pyrolysis process was
further upgraded by a two-step thermal treatment. The
carbonization process was conducted at a temperature of
800 °C in an inert atmosphere using N, gas. The main aim of
this process was to remove all volatiles, resulting in bio-
carbons as catalysts and hard carbon precursors. Biochar
collected from the pyrolysis reactor was moved to a silica boat
and put into the reactor. Then nitrogen with a 200 mL/min
flowrate was also introduced as carrier gas. The reactor was
heated up to 800 °C with a heating rate of 30 °C. After reaching
the temperature, the temperature was kept for 3 h.

Then a high-temperature heat-treatment of biocarbon
including spent biocarbon catalysts was conducted in order to
produce HCs which can be used as SIBs anodes. An induction
furnace was used for the high-temperature heat-treatment.
Biocarbon powders were put into a graphite crucible and then
move to the induction furnace. A refractory brick cover made
of aluminum oxide was wrapped around the graphite crucible
to reduce the heat loss during the heat treatment. Argon with
a flow rate of 500 mL/min was used as carrier and protective
gas to ensure an inert atmosphere and the graphite crucible
was heated up evenly to the set temperature. Two different
heating temperatures i.e. 1400 °C and 1600 °C and two
different heat treatment duration time i.e. 3 h and 6 h were
tested with aiming to study the correlation between the
electrochemical performance and the structure of HCs.

2.4. Sodium battery assembly and anode performance
test
2.4.1. Half cell test

To prepare the carbon electrode for electrochemical measure-
ments, the hard carbon, super P carbon black (Imerys Graphite
& Carbon, France), and sodium alginate (Shanghai Aladdin
Biochemical Technology Co., Ltd, China) binder were mixed in
deionized water solvent with a weight ratio of 9:0.5:0.5 to make

a slurry, which was then cast on a copper foil by the doctor
blade method. The electrode was dried at 120 °C under vacuum
for 12 h and afterward was cut into 12 mm diameter circular
pieces for coin cell assembly. The mass loading of the active
material was controlled between 1.5 and 2 mg cm . The liquid
electrolyte was 1 M NaPFg in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 in volume), and pure sodium foil
and glass fiber were utilized as the counter electrode and the
separator, respectively. All the half-cells were assembled in
CR2032 coin-type cells under an argon atmosphere in a glove-
box. The discharge and charge tests were performed with a
NETWARE CT-4000 battery test system in a voltage range of
0—2V at a specific current of 20 mA/g under room temperature.

2.4.2. Full cell test

Commercial Prussian white (PW) electrodes of 94 wt% of
active material were provided by Altris AB, which had a ca-
pacity loading of approximately 1.12 mAh/cm?. The full cell
was made using hard carbon electrodes of the aforemen-
tioned type with a higher mass loading of 7.5 mg/cm?. For
electrochemical characterizations hard carbon against PW,
8 x 8 cm pouch cell was built under Ar- glove box using 1 M
NaBF4 in 1:1 mixture of G4: G2 (tetraethylene glycol dimethyl
ether, G4: dimethyl ether G1, from Sigma Aldrich) electrolyte
and 2 solupor separators. The charge and discharge tests were
evaluated with a Land potentiostats battery test system in the
voltage range of 3.9 V-1.3 V at a C/5 rate (20 mA/h) at room
temperature.

2.5. Process modeling

Mass and energy balance models were produced using own
experimental results and the best available data from the
literature. The simulation results were used to analyze the
system's technical feasibility based on energy efficiency. The
analysis involves the simulation of two primary case sce-
narios. Case A is the co-production of hydrogen and HC from
biomass with CO, capture. Case B represents a standalone
syngas plant that co-produces syngas and HC.

The process modelling and calculation was conducted
using the Aspen Plus version 11 (Aspen Technology, Inc.).
Main process design parameters and assumptions used in the
modelling are shown in Table S3.

e The processes are considered in steady-state conditions.

e Heat and pressure losses are assumed to be negligible.

e The inlet temperature of cooling water is 25 °C, and the
return temperature is 45 °C.

e The ambient temperature and pressure are 25 °C and
0.1 MPa.

e The VPSA unit are modelled as black-boxes with the key
energy consumptions estimated from the literature.

2.6. Life cycle assessment

Life cycle assessment (LCA) was conducted for the proposed
wood Dbiorefinery that produces three representative
products—H,, CO and HC—using two functional units: (1) 1 kg
of processed biomass (2) 1 kg of product, either H,, CO or HC.
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The climate change impact category is in focus, where carbon
footprint were estimated using a cradle-to-gate LCA approach.
Cut-off allocation approach was adopted, so in our case,
sawdust was assumed as waste material with no burden.

2.7. Economic evaluation

The economics of the proposed plant was assessed by calcu-
lating the break-even point (BEP), the payback period (PBP) and
internal rate or return (IRR) assuming certain market prices. A
minimum product selling price is determined to recover the
initial investment plus a 10% rate of return considering 100%
equity financing. It is calculated as the selling price of
hydrogen (Case A) or syngas (Case B), which makes the net
present value (NPV) of the project zero. PBP represents the
time required for the cash flow to equal the original fixed-
capital investment. The Internal Rate of Return (IRR) is the
discount rate that makes the net present value (NPV) of a
project zero. The economic parameters for the discounted
cash flow analysis and the calculation of fixed capital cost and
operating costs are described in Table S5.

3. Results and discussion

3.1 Development of a tandem biocarbon + NiAlO
spinel + biocarbon reforming catalyst

3.1.1. Catalyst performance

Thermal reforming is currently the main means of producing
syngas and H, from natural gas, hydrocarbons, coals, and
biomass [19,20]. A biomass pyrolysis and in-line catalytic
reforming process are conducted to convert biomass pyro-
vapors into syngas. The key to our work is the construction
of a highly efficient and stable tandem biocarbon + NiAlO
spinel + biocarbon reforming catalyst (Fig. 1), which realized
an entire reforming of pyro-vapors consisting of hundreds of
substances [21] into water and syngas. A single testing cycle
displayed a syngas yield as high as 745 mg/g-biomass, and the
volumetric percentage of H,+CO in the syngas was higher
than 91% (Fig. 2A and B). After 15 testing cycles, the average
yield of syngas was higher than 680 mg/g-biomass (Fig. 2C),
and the volumetric percentage of H,+CO in the syngas was
maintained at a value higher than 83 vol% (Fig. 2D). The yields
of H, and CO were higher than 21.00 mol/g-biomass and
17.00 mol/g-biomass, respectively, which contributed to a
GECE value higher than 71% (Fig. 2D). More importantly, the
main component of the resulting liquid is only water after all
testing cycles, which indicates the tar issue could be greatly
weakened by the deployment of the biocarbon + NiAlO
spinel + biocarbon reforming catalyst [22].

3.1.2. How the Tandem Catalyst Operates

The reforming of pyro-vapors involves complex reaction
networks, including hydrolysis, cracking, steam reforming,
water gas shift, carbon gasification, etc. (Table S9) [23]. As
illustrated by the scanning electron microscope (SEM) images,
the fresh biocarbon catalysts (biocarbon-800) have regular
macropores ranging between 20 and 30 um (Fig. 3A-1 and 3A-
2) with well-defined elongated channels in the axial direction

(Fig. 3A-1 and 3A-3). Based on the results of adsorption and
desorption tests with N, and CO, gases, it's been observed
that secondary micropores (ranging from 3.5 to 5.5 A with CO,
and ranging from 15 to 35 A with N2) exist on the channel
walls (Fig. 3B, Fig. S6) [19]. The catalyst bed formed by a
random accumulation of uniform-size biocarbon particles
(1—1.25 mm) with a hierarchical pore structure could serve as
a carbon filter to capture the fine biochar particles and soots
formed in the process and decrease the tar issue (Fig. 3C).
More importantly, the top biocarbon catalyst layer can also
increase the tortuosity for gas molecules (Fig. 3C), while
ensuring a relatively low-pressure drop (62 kPa/m, Table S2).
As a result, the thermal cracking of heavy-molecular com-
pounds was significantly promoted, increasing the propor-
tion of hydrogen and light molecules (light hydrocarbons and
light oxygenate) [24]. Notably, it could reduce the risk of the
NiAlO spinel catalyst deactivation caused by coke deposition.
The catalytic reforming of light molecules over steam/CO,
(coexisting in the gas flow) to H, and CO was significantly
promoted in the NiAlO spinel catalyst layer. The reducing
gases in the vapors promote the gradual reduction of nickel in
the spinel structure to form Ni° (Fig. 3D), which is essential for
the reforming performance of the NiAlO spinel catalyst
[25,26]. Gradual reduction of the NiAlO spinel into Ni during
the cycling test can be confirmed by comparing the XRD
patterns of the spent NiAlO-single and the spent NiAlO-cycles
(Fig. 3D). The residual condensable compounds in the pyro-
vapors can be further cracked in the bottom biocarbon cata-
lyst layer. Moreover, the biocarbon materials (both top and
bottom layers) were also reacted with steam and CO, (by
carbon gasification and Boudouard reaction) [27,28]. To
summarize, the use of the tandem biocarbon + NiAlO
spinel + biocarbon reforming catalyst enables the complex
reactions to be selectively promoted on different catalyst
layers, resulting in excellent catalytic performance as well as
good stability (Fig. 3C).

3.1.3. Catalyst deactivation and regeneration

When looking at SEM images of fresh and spent biocarbon
catalysts (Fig. 3A and Fig. S7, respectively), it becomes apparent
that the top layer of the biocarbon catalyst was visibly shat-
tered. This is evidenced by a decrease in particle size from a
range of 1000—1200 pm (fresh biocarbon catalyst) to a range of
1-100 um (spent biocarbon catalyst). This suggests that un-
dergoing the reaction with volatiles rich in steam and carbon
dioxide, the biocarbon catalyst is significantly shattered.
Moreover, the coke produced by the promoted thermal
cracking reactions remains in the biocarbon layer, attaching to
the biocarbon particle surface (Fig. S7). The decreased specific
surface area and total pore value of the spent biocarbon-upper
catalyst compared to the fresh biocarbon catalyst indicated
that the formed coke blocked the micro-pores (Table S10). The
roughly equal weights of fresh and spent biocarbon catalysts
(upper layer) indicated that the weight increase caused by coke
formation compensates for the weight decrease caused by
carbon gasification after 15 testing cycles (Table S11). It appears
that as the reaction cycle increases, the biochar catalyst parti-
cles experience significant damage and coke attachment,
resulting in severe blockages within their internal channels. As
previously stated, the top layer of biocarbon contains elongated
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channels that effectively protect the NiAlO catalyst by pre-
processing volatile compounds. This results in outstanding
catalytic performance and stability. The loss of the channels of
the biocarbon catalyst would be one of the major reasons for
the gradual decrease in the catalytic performance during the
cycling test. Fortunately, biocarbon catalysts are produced

from the identical biomass pyrolysis process. To address this
issue in upscaling tests, it only needs to consider increasing the
replacement frequency of the upper biochar catalyst.

The NiAlO spinel catalyst increased by 43% in weight after
15 cycles, indicating coke deposition on the catalyst
(Table S11). This could also be the potential reason for the
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gradual decrease in the catalytic performance during the
cycling test. According to two temperature-programmed
oxidation characterization analyses, the coke deposited on
the catalyst has distinct sources. It includes biochar from
fragmented biocarbon particles and inert coke from catalytic
reactions (Fig. 4B,C,D). The presence of biocarbon in the spent
catalyst has also been confirmed through TPO analysis and
SEM images of the catalyst. (Fig. 3E-2 and Fig. $8,59). There-
fore, an extra filter unit to capture broken biocarbon particles
in upscaling test is suggested to be used. The catalyst is re-
generated through incineration at 750 °C to eliminate all the
deposited coke. The regenerated catalyst exhibits NiAlO
spinel and NiO species, as observed in the XRD patterns dis-
played in Fig. 3D. This indicates that the spinel compound
configuration can be partially restored. There appears to be
little distinction between the fresh and spent catalyst when
examining SEM images. However, a nickel loading reduction
from 10 wt % to 8.4 wt % is detected by the inductively coupled
plasma mass spectrometry (ICP-MS) analysis (Table S16). This
indicates the irrevisable loss of active metals due to the coke
deposition, which is a common issue for nickel-based cata-
lysts. In experiments conducted under identical conditions, a
new tandem catalyst consisting of fresh biocarbon and re-
generated NiAlO catalyst demonstrated comparable gas
composition and yield to the cycling test (Table S14). This in-
dicates that the catalyst's activity is not entirely deactivated.

To sum it up, the gradual deactivation of the tandem
catalyst can be attributed to the loss of channels in the
biocarbon catalyst in the upper layer and the formation of
coke on the NiAlO. Determining which factor had a greater
impact on the decrease in activity is a challenging task. The
loss of active sites in the NiAlO catalyst is the major issue to

be resolved in the upscaling test. It is essential to have a
suitable strategy for NiAlO catalyst regeneration and
replacement.

3.2. HC production from biochar and its electrochemical
performance as SIB anodes

3.2.1. Overall yield of the entire process

In addition to syngas and liquid, biomass pyrolysis could also
yield approximately 213 mg/g-biomass of biochar (denoted as
Biocarbon-500, Fig. 2A). A two-step thermal treatment process
for biochar upgrading was performed to produce high-quality
HCs as SIB anodes. Compared to the one-step carbonization
process reported so far [29], the two-step carbonization pro-
cess can maximize biochar's utilization efficiency while
eliminating the limitations of industrial high-temperature
carbonization furnaces. Therefore, it is more practical and
more conducive to large-scale production. A carbonization
process at a temperature of 800 °C for 3 h was performed to
ensure a complete de-volatilization of biocarbon-500. This
process further yielded 14.6 wt% of syngas, 3.9 wt% of water,
and 81.5 wt% of biocarbon-800 based on the weight of
biocarbon-500 (Fig. S10). The yields of H, and CO were 5.83 and
2.08 mmol/g-biocarbon-500, respectively (Table S12), leading
to a 1.3 mmol/g-biomass increase in H, yield and 0.4 mmol/-
biomass increase in CO yield (Fig. 5A, Table S12). Overall,
169 mg of HCs, over 22 mmol of H,, and 17 mmol of CO can be
produced per gram of biomass waste of all testing cycles
(Fig. 5B). The overall carbon and hydrogen conversion effi-
ciencies of feedstock to valuable products (HCs, H,, CO) were
higher than 90% and 85%, respectively (Fig. 5B). Considering
CO, also as an end-product, the carbon efficiency of feedstock
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can reach almost 100% and the hydrogen efficiency of feed-
stock is even higher than 100%.

3.2.2.  Electrochemical performance

High-temperature heat treatment of biocarbon-800 at a tem-
perature of 1600 °C for 3 and 6 h was conducted to produce
high-quality HCs, denoted as HC-1600-3h and HC-1600-6h.
The use of a processing temperature of 1600 °C is based on
literature reports [30,31]. Notably, the spent biocarbon-800
catalysts could also apply to the high-temperature heat
treatment to produce HCs. The replacement of the spent
biocarbon catalysts was therefore not assumed to contribute
to mass losses to the process. As illustrated in Fig. 5C, HC-
1600-3h and HC-1600-6h show much higher Ig/Ip values than
biocarbon-800, indicating a much more orderly structure.
Moreover, a 2D peak corresponding to the graphene layers
was detected for HC-1600-3h and HC-1600-6h, but not for
biocarbon-800. Compared to HC-1600-3H, HC-1600-6h showed
a higher I¢/Ip value indicating the increased formation of nano
graphitic domains. HC-1600-3h and HC-1600-6h showed the
same d-space values. This indicated that the increased dura-
tion did not significantly change the distance between gra-
phene layers. Apart from forming nano graphitic domains, the
closing of the open pores in the biocarbon-800 by the thermal
treatment was another main reason. The pore size distribu-
tion results detected by CO, and N, (Fig. 3B) showed that the
open pores in HC-1600-3h and HC-1600-6h, especially in the
range between 15 and 25 A, almost disappeared. And the
volume of the pores detected by CO, in the range between 3
and 5 A of HC-1600-3h and HG-1600-6h was also much smaller
than that of the biocarbon (Table S13). Compared to HC-1600-
3h, HC-1600-6h showed even lower pore volume and surface
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area (Table S13), indicating a further closing of the pores. The
TEM images of HC-1600-6h clearly showed the existence of
nano graphitic domains and closed pores, as illustrated in
Fig. 5D.

The target application of HCs is used as the anode material
for sodium-ion batteries (SIBs). The electrochemical perfor-
mance of HCs was evaluated first by half-cell test. At the
current density of 20 mA/g, HC-1600-3h delivered a reversible
capacity of 212 mAh/g with a high initial coulombic efficiency
(ICE) of 84% (Fig. S11, Fig. 6A). HC-1600-6h delivered a higher
reversible capacity of 252 mAh/g with a high ICE value of 83%
(Fig. S12, Fig. 6B). The full-cell test is the final step for applying
HCs into the market. Pouch-type full cells were assembled by
using commercial Prussian White (PW; Na,Fe[Fe(CN)g]; x > 1.9)
as cathode and HC-1600-6h as an anode to evaluate the
practical application prospect of HCs. The full cells delivered a
high ICE value of 89% and a high reversible specific capacity of
approximately 134 mAh/g based on the mass of the anode at
0.2 C (20 mA/h) for a voltage range from 1.3 to 3.9 V with an
average operation voltage of 3.2 V (Fig. 6C). After 100 cycles,
the full cells retained the specific capacity of approximately
111 mAh/g, corresponding to 83% capacity retention (Fig. 6D).
The coulombic efficiency (except the ICE) values were retained
higher than 99.6% (Fig. 6D). For the full cells (considering both
the cathode and anode materials), a relatively high energy
density of 263 Wh/kg was obtained. All of these values
exhibited by the full cell are superior to the currently reported
full-cell SIBs that use HC-based anodes (160 Wh/kg, CATL)
[32,33]. These promising properties demonstrated that the
HC-1600-6h derived from commercially available woody
biomass waste is a promising anode for SIBs. The increased
ICE values and the improved electrochemical performance
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Fig. 5 — The overall yield of the entire process and the characterization of hard carbon samples. A. Mass balance results from
the overall biorefinery process; B. Specific yields of main products i.e. Hz, CO, and HCs, and the carbon and hydrogen
efficiency of the overall biorefinery process; C. Raman patterns of the hard carbon samples; D. TEM images of the hard

carbon samples.
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were attributed to the fact that the formation of nano
graphitic domains from amorphous carbon is significantly
promoted. Moreover, the HC-1600-6h structure rich in nano
graphitic domains and closed pores demonstrated superior
electrochemical performance [30,34]. In the full-cell test, using
an ether-based electrolyte led to a further increase in the ICE
(89%), which implied less SEI formation and better compati-
bility between the ether-based electrolyte and the hard carbon
anode [35].

3.3 Process design and evaluation

Ultimately, the whole process of the proposed sustainable
biorefinery was simulated and evaluated for industrial appli-
cations. The process integrated biomass pyrolysis, catalytic
reforming of pyro-vapors, and two-stage biochar thermal
treatment processes based on the experimental results of the
best testing cycle. It also integrated gas conditioning, water
gas shift (WGS), and vacuum pressure swing adsorption
(VPSA) based on data from both literature and industrial ex-
periments (Fig. 1, Fig. S4, S5). Overall, the proposed process
yielded 75 kg of H, (99.9% purity), 169 kg of HCs, and 891 kg of
CO, (95% purity) per metric ton of biomass waste (Fig. 7A,
Table S15). A total of 2162 kW of power was required to convert
each metric ton of biomass waste. It is possible to recover
848 kW of power (141 kW from the catalytic reforming unit,
486 kW from the water gas shift unit, and 221 kW from the
electricity offset). All of these values contributed to a net en-
ergy consumption of approximately 1314 kW of the process

(Fig. 7B). The catalytic reforming unit was the most energy-
intensive among all units in the process, which accounted
for approximately 28% (without the energy recovery) and 35%
(with the energy recovery) of the total energy requirement
(Fig. 7B).

3.4. Techno-economic assessment

The performance of our proposed process with a designed
plant capacity of 20 MWypv-biomass Was evaluated by calcu-
lating the total capital investment (TCI), the operating ex-
penditures (OPEX), the break-even point (BEP) of HCs, and the
payback period (PBP) based on the projected market prices.
The calculated TCI of the overall process (20 MWyyy-biomass
and 8000 h per year) was approximately €30 million
(Figure S13). The total equipment costs of the project were
mainly driven by the capital expenditures associated with
VPSA system (31.4%), reforming reactors (17.6%) and the py-
rolysis unit (8.4%). The other main capital expenditure was the
heat recovery and integration systems, including the gas en-
gine unit (20.0%). OPEX constituted a significant portion of the
overall system cost throughout the operational lifespan of the
plant, with an estimated annual OPEX of around €10.7 million
(Figure S14). The main contributors to the OPEX were biomass
feedstock (45%), electricity cost (22%) and labor cost (15%).
Based on the outcomes of the experiment, the lifetime of
the NiAIO catalyst is a significant unpredictable factor that
could greatly affect the overall process. By estimating a cata-
lyst lifetime of 6 months and NiAlO catalyst price of 5 €/kg, the
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break-even point caused by parameters variation.

cost associated with catalysts represented a relatively smaller
portion of the overall OPEX.

In the BEP calculation for HCs, the H2 price was assumed
as the average production cost of its fossil-based counter-
parts, commonly referred to as grey H2, which was estimated
at 1.5 €/kg. The catalyst cost has a minimal impact on the
break-even point (BEP) for HCs, assuming a lifetime of 6
months. In the analysis, it was assumed that the captured
CO2 would be stored permanently. To account for the value
of emissions reductions and incentivize carbon capture, a
carbon price of 50 €/ton of captured CO2 was used, based on
the proposal of a support system for BECCS in Sweden [36].
The early stage of bulk production and emerging market
application of HCs lead to high retail prices, ranging from 4
€/kg to 3700 €/kg [29]. Based on a reasonable HCs price range
of 3.5—-15 €/kg, the PBP of the process varied from 2 to 11
years (Fig. 7C). By using the current market price of battery-
use synthetic graphite at 13.7 €/kg as a reference, the PBP
of the process can be significantly shortened to just 2 years.
Furthermore, this study estimated that the BEP of HCs was
2.95 €/kg at an H2 price of 1.5 €/kg. This suggests that the
process can produce affordable HCs that can compete with
battery-use graphite, along with renewable H2 (or green H2)
priced similarly to grey H2.

Currently, green H2 produced from water electrolysis costs
around 2.5-5.5 €/kg depending on electricity prices [37]. The
amount of subsidies for renewable H2 is still under discussion
at national levels. The Dutch government, for instance, has
proposed subsidies for H2 in the range of 3.39-5.83 €/kg [38].
With an H2 price of 5.0 €/kg and taking into account the
proposed government subsidies for green H2, the BEP of HCs
can be significantly reduced to 1.0 €/kg. Considering a green
H2 price of 5.0 €/kg and an HCs price of 13.7 €/kg, the PBP of

the process would not exceed 2 years (Fig. 7C). These findings
suggest the excellent profitability of the proposed process.

A single-point sensitivity analysis was also conducted to
identify the parameters with the largest influence on the
economic feasibility (Fig. 7D) and to estimate the uncertainty
in the process model due to a lack of data or price volatility.
Given that the feedstock cost represents a significant pro-
portion of the overall product cost, this factor will consistently
have a substantial impact on the economic viability of the
process. On the other hand, electricity price has a relatively
lower impact on the BEP. At a lower electricity price of 30
€/MWh, the BEP would be lowered by around 8%. The selling
price of CO, as negative emissions moderately affects the
overall system profitability. Around a 10% reduction in the BEP
of HCs could be expected by an increase in CO, price to 100
€/ton. When the NiAlO catalyst lifetime is decreased to as
short as one week, which means the amount of catalyst
consumed is significantly increased, there is only a 3% in-
crease in the break-even point (BEP) of HCs. On the other hand,
if the catalyst lifetime is extended to two years, there is a
minimal impact on the BEP of HCs. Therefore, it can be
concluded that the catalyst cost has a minimal impact on the
economic performance of the overall system.

3.5. Life cycle assessment

The largest driving force for using renewable biomass is its
carbon-neutral merit. A life cycle assessment (LCA) of the
proposed process was performed in this study. The whole
process was designed to be driven by electricity. Electrification
of chemical processes can significantly reduce process energy
losses, thereby reducing process emissions, and is therefore
heavily promoted [39]. The emission parameters of Europe
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(EU) electricity mix, Sweden (SE) electricity mix, and SE wind
electricity (100% renewable electricity) were considered in the
LCA calculation. The LCA results estimated low global
warming potentials (GWPs) for our proposed process (0.39 kg
CO,-eq/kg-biomass based on EU electricity mix; 0.11 kg CO,-
eq/kg-biomass based on SE electricity mix; 0.08 kg CO,-eq/kg-
biomass based on SE wind electricity, Fig. 8A). More impor-
tantly, the LCA results also showed a negative GWPs value of
—0.89 kg CO,-eq/kg-biomass attributed to the permanent
storage of the captured CO, (Fig. 8A).

The GWPs for H, production of the proposed process were
5.21 kg COy-eq/kg-H,, 1.45 kg CO,-eq/kg-H,, and 1.02 kg CO,-
eq/kg-H, based on EU electricity mix, SE electricity mix, and SE
wind electricity (Fig. 8B), respectively. When using 100%
renewable electricity, i.e., SE wind electricity, the proposed
process can reduce the emissions by 89% compared to the
fossil-based counterpart (9 kg CO,-eq/kg-H, from SMR (14),
Fig. 8B). If the H, production from the fossil-based process
includes CO, capture and storage (CCS, 3.5 kg CO,-eq/kg-H,
from SMR with CO, capture, [40]), the process would also
reduce emissions by 72% (Fig. 8B). The proposed process can
also reduce the emissions by 62%, compared to a conventional
biomass gasification process (2.68 kg CO,-eq/kg-H,, Fig. 8B).
All these results indicated a low-carbon footprint in H, pro-
duction. Taking CO, capture into consideration, the net GWPs
for H, production of the proposed process were calculated to
be -10.85 CO,-eq/kg-H, when using SE wind electricity
(Fig. 8B). The GWPs for HCs production of the proposed
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process were 2.34 kg CO,-eq/kg-HCs, 0.64 kg CO,-eq/kg-HCs,
and 0.45 kg CO,-eq/kg-HCs based on EU electricity mix, SE
electricity mix, and SE wind electricity (Fig. 8C). When using
100% renewable electricity, the proposed process can reduce
the emissions by approximately 92% and 97% compared to the
fossil-based counterparts of natural graphite (5.82 kg CO,-eq/
kg-graphite, Ecoinvent.2021) and synthetic graphite (13.8 kg
CO,-eq/kg-graphite, Ecoinvent.2021), respectively (Fig. 8C).
Compared to the process of bio-HCs production reported in
the literature (5.66 kg CO,-eq/kg-HCs, [41]), the proposed
process can also reduce emissions by 92% (Fig. 8C). Consid-
ering the captured CO,, the net GWPs for HCs production of
the proposed process was —4.78 CO,-eq/kg-HCs when using SE
wind electricity (Fig. 8C). Notably, a conservative approach
was taken where all burdens are allocated to only one of the
evaluated products. Once a co-product allocation is imple-
mented, the GWPs for H, and HCs productions of the proposed
process could be even lower. The proposed process is ex-
pected to produce low-carbon footprint end products while
achieving substantial negative emissions. To determine the
impact of the catalyst lifetime on the emission value of the
product, we conducted a sensitivity analysis. The catalyst-
associated emission has a minimal impact on the overall
process emission, assuming a lifetime of 6 months. Despite
the NiAlO catalyst having a lifetime as short as one week, the
proposed process for HCs and H, production shows negligible
changes in net GWPs (Fig. 8D). This suggests that the catalyst
has a negligible impact on the emission of the process.
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4.

Conclusions

A sustainable and feasible biorefinery was proposed to ach-
ieve the carbon-negative utilization of biomass waste into
affordable green hydrogen and battery anodes. The main
conclusions are shown below:

A tandem biocarbon + NiAlO spinel + biocarbon reforming
catalyst was constructed, wherein biomass pyrolysis va-
pors were efficiently and stably converted into H,+CO (as a
mixture) through the selective promotion of different types
of reactions in different catalyst layers. The proposed
catalyst strategy yielded over 91 wt% of syngas with H,+CO
proportion over 83 vol%.

A two-step thermal treatment process was integrated to
convert the biomass pyrolysis residues into high-quality
hard carbons as sodium ion battery anodes. Full cell
assembly by using the HC-1600-6h sample as anode
showed superior performance (263 Wh/kg with ICE of 89%).
Characterization results showed that the HC-1600-6h
structure rich in nano graphitic domains and closed pores
demonstrated superior electrochemical performance.

The overall process was designed, simulated and evaluated
based on the above processes. The simulation results
showed that 75 kg of H, (99.9% purity), 169 kg of HCs, and
891 kg of CO, (95% purity) could be produced per metric ton
of biomass waste. The life cycle assessment estimated a
negative-emission biomass waste valorization process
(—0.81 CO,-eq/kg-biomass based on Sweden wind elec-
tricity). Without consideration of the negative emission,
the process could also produce a low-carbon footprint of H,
(1.01 kg CO,-eq/kg-H, based on Sweden wind electricity)
and hard carbon (0.44 kg CO,-eq/kg-HCs, based on Sweden
wind electricity). The techno-economic assessment pre-
dicted a highly profitable process that produces cost-
effective H, and hard carbon battery anodes. The payback
period of the process will not exceed two years at reference
prices of 13.7 €/kg and 5 €/kg for HCs and H,. The cost of
the catalyst and its associated emissions have minimal
impact on the economic performance and overall emis-
sions of the process.
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