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Abstract

Green biorefineries can support the reduction of soybeans imports to Europe, by producing protein-rich animal feed from
alternative feedstock such as perennial grass and legume species. Once the protein-rich green juice is extracted, a fiber-rich
pulp is left as a residue. This work investigates the thermochemical processing of the pulp via pyrolysis as an option to
improve the energy balance and climate footprint of a green biorefinery, by producing non-fossil energy and a high-value
biochar product. Laboratory-scale pyrolysis and biochar activation were carried out on pulp samples obtained from different
perennial species, different pressing method, and maturity at harvest. The results highlighted the importance of the activation
stage to obtain a porous biochar, potentially suitable as animal feed additive. The effects on the overall energy balance and
climate impact of the system following the integration of pulp drying and pyrolysis, plus a possible activation step for the
biochar, were evaluated with a techno-environmental assessment. The pulp sample composition had only limited influence
on the climate impact potentials identified. In all cases, it was found that the integration of a combined drying-pyrolysis-
activation system in the green biorefinery may provide substantial additional climate benefits but also that the magnitude of
these is strongly dependent on the substitution use-value of the energy products.
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1 Introduction
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o The integration of a pyrolysis system in a green biorefinery Intensive animal husbandry in northern Europe brings
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:efitﬁ:ll ;ﬁ;;vanon was decisive to obtain porous biochars from animal feed. On average, 16 million tons of soybeans and
o Feedstock lower in minerals achieved a higher porosity with 29 million tons of soybean cake were imported per year
lower carbon burn-off. in Europe for the period 2009-2013 [1]. For intensive
* A techno-environmental assessment revealed significant livestock producing countries such as Denmark, there is a
potential climate benefits. . . . . .
desire to increase domestic feed protein supply to improve
59 G. Ravenni the self-sufficiency of the industry [2]. Processed protein-
grav@kt.dtu.dk rich perennial grass is emerging as an attractive option in

Denmark due to the potential for increased production as

Department of Chemical and Biochemical Engineering, well as the beneficial effects of perennial grasses cultiva-

CHEC center, Technical University of Denmark (DTU),

Sgltofts Plads 228A, 2800 Kgs. Lyngby, Denmark tion, including mitigation of nutrient leaching, reduced
esticide use, and soil protection from erosion [3]. Pro-

2 Department of People and Technology (IMT), Roskilde p A . . P . L. 3] X
University (RUC), Universitetsvej 1, 4000 Roskilde, cessing of protein-rich perennial species in green biore-
Denmark fineries can support the production of protein feed from
3 Biological and Chemical Engineering, Centre for Integrated indigenous gr asses. a.nfl legumes SUCh as a]’falfa, cloverj and
Biorefining, Aarhus University Viborg, Blichers Allé 20, ryegrass [1]. The initial processing step in a green biore-
8830 Tjele, Denmark finery extracts both sugars and proteins through macera-
4 AquaGreen ApS, Risg Huse 50, 4000 Roskilde, Denmark tion and pressing of biomass, forming a protein-rich green

Published online: 25 September 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-023-04877-4&domain=pdf
http://orcid.org/0000-0002-7147-8832

Biomass Conversion and Biorefinery

juice and leaving a fibrous press cake with a moisture con-
tent of 60-70%, known as the pulp. The juice undergoes
heat treatment and further processing to produce feed
suitable for monogastric animals. To date, the pulp can
either be used as anaerobic digestion feedstock or ensiled
and used for ruminant feed. However, large-scale protein
production would likely exceed ruminant feed demand,
offering the opportunity to use this feedstock for other
applications.

In this study, it is proposed that a combined drying and
pyrolysis system is integrated in the green biorefinery pro-
cess, providing a route to extract energy from the pulp to
heat and dry the protein product, while producing valuable
biochar. Grass-derived biomass is rarely considered as a
feedstock for pyrolysis and biochar production, and there
are only few studies available on the topic [4, 5]. However,
in this context, the integration of drying and pyrolysis
system in the biorefinery represents an attractive option
in terms of overall energy efficiency. Moreover, biochar
production represents a waste management solution that
can improve the resource circularity of the biorefinery as
well as reduce the overall climate intensity of the system
to climate neutral or even climate negative [6, 7]. Biochar
can find multiple uses for soil amendment, environmental
management, and carbon sequestration [8]. There are also
many emerging applications of biochar in an agricultural
context including bulking agent for windrow composting
[9], additive for anaerobic digestion [10], and bedding and
feed additive in livestock farming [11, 12]. In the context
of a green biorefinery producing protein-rich animal feed,
the use of biochar as feed additive is a desirable option,
which could also benefit the biorefinery climate impact by
providing an indirect route for carbon sequestration [13]
via pyrogenic carbon capture and storage (PyCCS) [14].
The use of charcoal in animal feed is documented since
antiquity, and the use of activated carbon and charcoal
for this application has been object of scientific research
particularly in the last decade, reporting several benefits of
mixing biochar with feed. The mechanisms behind the sev-
eral beneficial effects of adding charcoal in animal feed are
not yet completely understood, but biochar has been shown
to improve the nutrient intake efficacy, adsorb toxins and
pathogens and generally improve animal health [11]. The
use of vegetable charcoal as feed additive is authorized
in the European Union, and included in the European
Commission Regulation 575/2011 [15]. The European
Biochar Certificate provides dedicated guidelines for the
production of feed additive from biochar, and since 2020,
all types of pure plant biomasses are approved for the
production of EBC-Feed biochar according to the EBC
feedstock list [16]. Previous studies show that the most
beneficial effects of biochar as feed additive are achieved
when biochar has a developed porosity and a relatively
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large specific surface area: these properties, together with
the surface chemistry of the material, are known to play an
important role in determining the adsorption capacity of
biochar towards a variety of substances [11, 12].

The production of porous carbons from agricultural
residues has been investigated in previous works with the
purpose to find sustainable precursors for the production
of carbon adsorbents [17], which nowadays are mainly
obtained from fossil sources including bituminous coal, peat,
petroleum, pitch and polymers, and from coconut shells [18,
19]. The methods used in the production of porous carbons
are chemical and physical activation. Chemical activation
involves the impregnation of the biomass with chemicals
such as KOH, H;PO,, and ZnCl,. Considering the target
application of biochar as feed additive, the chemical activa-
tion method is potentially problematic; therefore, the focus
in the present work is on steam activation, which is known
to increase significantly the porosity of char produced via
pyrolysis, and to induce the formation of larger pores com-
pared with CO, activation [20, 21]. Indeed, micropores (with
a pore diameter < 2 nm) may not be effective in adsorbing
high molecular weight substances or bacterial pathogens
relevant for animal digestion. Galvano and colleagues [22]
found that highly microporous activated carbon had lower
adsorption capacities for aflatoxins due to the difficult dif-
fusion of these toxins into the pore structure. This was also
the case for other investigated toxic compounds such as pes-
ticides, PCBs, dioxins, or pathogens, as was demonstrated
when highly activated biochar did not reduce the toxic
effects of aflatoxin in chickens more strongly than non-acti-
vated biochar [23].

In addition to providing a biochar product, the integration
of pyrolysis within the green biorefinery is also expected
to positively affect the overall energy balance. To process
the green juice and precipitate proteins, there is an inherent
requirement for heat, and pulp could be used as feedstock
for in-house energy production via process integration with
various energy technologies [24]. Integrated energy supply
from by-product utilization has been investigated previously
and may increase both the energy-efficiency of the biorefin-
ery as well as potentially improve the net value production
and environmental impacts [25-27]. The hypothesis of this
work is that the combustion of pyrolysis volatiles would gen-
erate enough energy to dry the incoming pulp and sustain the
pulp pyrolysis process, possibly including a biochar activa-
tion step. Process waste heat could then be used to precipi-
tate proteins from the green juice. This solution is based on
a system combining superheated steam drying and thermal
pyrolysis, a technology developed by the Danish company
AquaGreen ApS, in collaboration with DTU Chemical Engi-
neering. The AquaGreen combined system has been found
to be a highly energy-efficient process for treatment of very
wet substrates [28, 29].
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The purpose of this work is to investigate the integra-
tion of a pyrolysis system into a green biorefinery concept,
moving from the study of the production of pulp biochar
for use as feed additive, to an assessment of the potential
energy recovery and climate impact effects of the proposed
system integration. The novelty of this work resides in the
consideration of grass and legume pulp as biochar feedstock,
and in the combined approach of biochar product assess-
ment together with energy and climate considerations.
The properties of biochars produced via laboratory-scale
pyrolysis and steam activation from different types of pulp
are assessed and the influences of grass species, harvesting
season and process parameters are evaluated for the produc-
tion of biochar feed additive. Moreover, the energy recovery
achieved through the system integration of pyrolysis in the
green biorefinery is evaluated in terms of both energy effi-
ciency and climate impact, including the potential carbon-
sink effect provided by biochar.

2 Material and methods
2.1 Feedstock

Pulp samples were obtained from different grass and leg-
ume perennial species grown and harvested in Denmark:
clover (Trifolium), alfalfa (Medicago sativa), and ryegrass
(Lolium). The pulp samples were produced at the pilot-scale
green biorefinery at Aarhus University [27] in spring 2020,
and were treated either by a single stage pressing (1SP) or a
two stage pressing (2SP) in the twin screw press that extracts
the juice. In other words, the grass pulp has had its protein
rich juice extracted by either a single or a double press-
ing in a screw press. Two further clover and alfalfa samples
were collected from a later harvest (November 2020). Both
these samples were processed at the same pilot biorefinery
as the previous ones, and pressed twice to extract the juice.
Pulp samples were frozen after processing and the average
moisture content measured on the frozen samples was 70 +4
wt%. This was measured after drying the samples for 12 h
in an oven at 105 °C. All further experiments and analy-
ses were carried out using the dry pulp samples. Pine wood
chips were included in this study as a reference feedstock.
Moreover, a biochar product commercialized as feed addi-
tive (CFA) was acquired for comparison with the produced
biochars. According to the producer, CFA is produced spe-
cifically for pigs from a mix of wood, husks and fruit stones.

2.2 Biochar production and activation
The pulp samples were pyrolyzed in a laboratory-scale batch

pyrolysis oven. Three subsamples of each biomass type were
arranged in a sealed pyrolysis reactor (31 X 10X 16 cm) and

flushed for about 10 min with N, (1.5 I/min) at room tem-
perature. The reactor was then heated to 600 °C with a heat-
ing rate of 10 °C/min, and the reactor was retained at 600 °C
for 40 min. A total of 25 to 30 g of biomass was pyrolyzed
in each batch. The steam activation of char samples was
carried out using a cylindrical reactor (12 cm diameter, 13.5
cm height), with a crucible capable of holding about 2 g of
biochar. The reactor was electrically heated up to the desired
temperature under N,. When the temperature set point was
reached, the N, flow was stopped and a steam flow of 1
kg/h was started. After 30 min, the supply to the reactor
was switched back to N, and maintained to allow the sample
to cool down. The steam activation was carried out at 650
°C, and the char samples were weighed before and after the
treatment. The steam activation was repeated twice on each
biochar to verify the repeatability of the results in terms of
mass loss and final specific surface area.

2.3 Characterization of feedstock and biochar

The proximate composition of the biomass samples was
determined using the results of the pyrolysis runs to assess
the content of volatiles, while the ash content was assessed
with incineration in air at 550 °C for 12 h. The fixed carbon
content was calculated by difference. The elemental compo-
sition of the dried pulp and of the biochar samples (CHN)
was determined with an elemental analyzer (EA3000,
Eurovector, Italy), as the average over four measurements
for each sample.

The elemental analysis was repeated also on the activated
chars. The results were combined with the compositional
values obtained on the dry pulp and after the pyrolysis step,
as well as the mass loss after the pyrolysis and activation
treatments. These values were used to calculate the car-
bon loss (C burn-off) in both steps. In Eq. 1, Cj,;a 1S the
amount of carbon in the dry biomass, while C,,, refers to
the amount of carbon contained in the samples after pyroly-
sis and after activation, and is the average of two repetitions.

Cinitial [g ] = Ctinal [g]

Cburn — of f[%] =
Cinitial [8]

x 100 )

Fiber analysis was undertaken to determine the content
of cellulose, hemicellulose, and lignin in the pulp samples.
The analysis was done using the Van Soest fiber analy-
sis method, which determines the main fibers present via
sequential sample extraction. Neutral detergent fiber (NDF)
and acid detergent fiber (ADF) were determined using Fiber-
tech 2010 (Foss Analytics, DK), using 0.5 g of sample, alpha
amylase to degrade the starch to soluble sugar, and sodium
lauryl sulphate and ethylenediaminetetraacetic acid (EDTA)
as the detergent. The initial extraction removes the neutral
detergent solubles (NDS) which include, protein, starch,
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sugars, organic acids, and pectin, leaving the NDF (hemi-
cellulose, cellulose, lignin, and ash). The NDF was subse-
quently extracted using cetyltrimethylammonium bromide in
1 mol sulphuric acid to remove the acid detergent solubles
(ADS) which is primarily hemicellose, leaving the ADF,
which consists of cellulose, lignin, and ash. Cellulose and
lignin content was then determined using the acid detergent
lignin (ADL) method, where 0.5 g of sample was soaked in
72% sulphuric acid for 48 h, filtered, dried, and weighed.
The lignin content was then calculated by ashing the sample
at 550 °C and subtracting the ash from the remaining fiber
mass. The analysis was done in triplicate.

The surface area and porosity of the produced bio-
chars were assessed with N, adsorption at 77 K. The spe-
cific surface area of the chars was calculated using the
Brunauer—Emmett-Teller (BET) method. For activated bio-
chars, the surface area was measured on both repetitions, and
the average was calculated. The pore volume and pore size
distribution was obtained with quenched solid density func-
tional theory (QSDFT) on the adsorption branch, assuming
pores were slit and cylindrical. The structure of the biochars
surface was also evaluated with a scanning electron micro-
scope (SEM) (Prisma E, ThermoScientific). The composi-
tion of the inorganic fraction of the different pulp samples
was carried out with inductively coupled plasma—optical
emission spectrometry (ICP-OES). Before the analysis,
around 0.3 g of sample has been microwave digested using
the USEPA 3051 method with 9 ml 65% HNO;, 3 ml 30%
HCI, and 4 m1 30% H,0,.

The thermal degradation behavior of biochars was ana-
lyzed by thermogravimetric analysis (TGA) (TGA/DSC
3+, Mettler Toledo, USA). Five milligrams of sample were
heated under 50 ml/min air in 30 ul alumina crucibles from
40 to 900 °C at 10 °C /min heating rate. The first derivative
of the weight loss curves was calculated. Derivative thermo-
gravimetry (DTG) gives the rate of weight changes against
temperature and is used to simplify reading the thermogram,
giving peaks where the oxidation (combustion) of com-
pounds of different thermal stability occur, with the peak
area proportional to the carbon present. DTG curves can be
found in the supplementary material. The recalcitrance index
(Rs() of the biochar was also obtained from the weight loss
data. Ry, is calculated as the ratio between the temperature
at which 50% of the biochar total mass is lost (Ts,) and the
Ts, for a graphite reference (886 °C) as shown below.

TsqBiochar

Ry biochar =
500! Ts,Graphite

@

The R, was calculated as in Harvey and colleagues [30],
based on the hypothesis that biochars with higher environ-
mental recalcitrance, and therefore, higher carbon seques-
tration potentials are increasingly resistant to oxidation and
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therefore will require higher energy inputs to mineralize a
unit mass of biochar carbon to CO,. R, values were used
alongside H/C ratios to evaluate the theoretical stability of
the carbon in the biochar.

2.4 Techno-environmental assessment
of the potential climate impact from energy
production and carbon sink effects

The assessment of biochar production was complemented
by the analysis of the potential energy recovery in the inte-
grated system encompassing the green biorefinery and ther-
mal pyrolysis of the pulp residue. The investigated system
also models the inclusion of biochar steam activation in the
AquaGreen combined superheated steam drying and pyroly-
sis. Drying, pyrolysis, and biochar activation are carried out
in continuous auger reactors. The system is illustrated in
Fig. 1, including expected integration points between the
thermal processes and the green biorefinery processes (A
and B points) and products expected primarily for export
(C points).

Energy and mass flows and potential climate effects were
calculated per ton of pulp treated in the proposed system.
The calculations were performed following the method
described in Liu et al. [31], on the whole system and three
subsystems, as illustrated with dotted, red squares in Fig. 1.

It was estimated how much of the energy in the pyroly-
sis gas is required to drive the drying and pyrolysis of the
feedstock as well as the biochar activation step, and how
this varies with the different pulp substrates and moisture
contents. The energy- and mass balances for the pyrolysis
were predominantly based on the laboratory-scale pyroly-
sis and activation, feedstock, and biochar characterization
results from this study. In addition, the higher heating value
(HHV) of dry pulp and biochar samples was determined
in a Parr 6300 Bomb Calorimeter with an oxygen supply
at 40 bar using 0.5-0.8 g samples. The analysis was done
in triplicates. The calculations are based on the following
parameters:

— Global specific heat capacity of water, biomass dry mat-
ter, biochar, bio-oil, and non-condensable gases: 4.19 kJ/
kgeK, 2.0 kl/kgeK, 1.0 kJ/kgeK, 1.47 kl/kgeK, and 1.14
kJ/kgeK [32-34]. For pyrolysis gas, an average specific
heat capacity of 1.3 kJ/kgeK is used, calculated as the
average of the values for condensable and non-condensa-
ble constituents thereby assuming a 50/50 split on mass.
The differences among the values are limited, and the
impact of the assumption is therefore expected to be lim-
ited as well.

— Latent heat of vaporization of water at 100 °C and atmos-
pheric pressure of 2.26 kJ kg™! [35].
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Fig.1 Process diagram showing the thermal system consisting of
steam drying, pyrolysis, and biochar steam activation. The integra-
tion to the green biorefinery is through feed intake (A) and potentially
the products: excess high temperature heat (B1), low temperature heat
(B2), and excess steam (B3). In situations with a high energy sur-

— Ideal heat exchangers in all stages, but a net loss of sensi-
ble heat from machinery surfaces to surroundings of 5%
of energy input in the low temperature processes (drying)
and 10% in the high temperature processes (pyrolysis
and steam activation). Size of heat losses to surroundings
is based on the developing company’s experience from
previous pilot scale campaigns.

— Dryer inlet and outlet temperatures of the grass pulp:
20 °C and 120 °C, respectively.

— Dryer inlet and outlet temperatures of superheated steam:
250 °C and 175 °C, respectively.

— Pyrolysis reactor inlet and outlet temperatures: 120 °C
and 600 °C, respectively.

— Steam activation step of biochar maintained at 650 °C,
through steam pre-heating and external heating of reac-
tor. Steam activation inlet and outlet temperatures are
both 650 °C. A steam/total carbon ratio of 5 (molar basis)
was assumed for all char activation processes, based on
the setup used for the laboratory scale activation experi-
ments.

— Energy requirements for slightly endothermic reactions
in the pyrolysis process: 200 kJ/kg dry matter pyrolyzed
[36].

— All mass lost during steam activation is assumed to be
carbon, and the sum of the energy requirements for the
highly endothermic reactions in the steam activation pro-
cess is assumed to be completely dominated by the reac-

lal ©

{ Activated Biochar
650 °C

plus, some of this energy may also be exported out of the biorefinery
together with the other products: excess pyrolysis gas (Cl), syn-gas
and excess steam mixture (C2), and activated biochar (C3). Red dot-
ted squares indicate boundaries for energy- and mass balance

tion C 4+ H20 <> CO + H2, requiring 131 kJ/mol carbon
converted [37].

— Use of the activation gas from char activation is assumed
to include moisture reduction by cooling and conden-
sation of the gas prior to high-temperature combustion.
Low temperature heat is recovered from the cooling and
condensation step.

— A carbon stability of at least 70% after 100 years is
assumed for all samples, based on the BC, |, approach.
This approach uses the H/C ratio as a proxy for carbon
stabilization induced to a large extent by aromatic con-
densation of the carbon in the biochar. BC,;,=0.7
results in 70% carbon stability after 100 years which is
a conservative estimate, based on a statistical analysis
conducted by IBI in 2013 and valid for biochars with
H/C<0.4 [38].

— Potential climate change impact value of the energy pro-
duction is based on data from the BioGrace II database
standard calculation values [39], except for the value of
Danish marginal district heating which is modeled as
described in Thomsen [40], using predominantly mar-
ginal electricity in large scale heat pumps [41] and com-
bustion of biomass, but supplemented by other minor
sources. This model uses data from the Ecoinvent data-
base 3.7.1 (Substitution, consequential, long-term data)
[42] as well as Easetech official 2020-01 v2 database for
selected combustion processes, all by Turconi et al.[43].

@ Springer
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The following climate change impact values are used in
the present work:

- Replacing natural gas (EU-mix): 66.0 g CO,_., per
M1J [39]

— Replacing hard coal: 112.2 g CO,_, per MJ [39]

— Replacing marginal, Danish district heating (near
future): 10.4 g CO,_,, per MJ using IPCC’s impact
assessment method from 2013: Global Warming
Potential, 100 years, Long term without climate car-
bon feedback as also applied in Thomsen 2021 [40].

It was assumed that all heat requirements in the process
are provided by heat and chemical energy available in the
pyrolysis gas. The primary heat requirements in the pro-
cess were calculated as (i) heating of the biomass includ-
ing moisture to 120 °C (for drying) and water evaporation
with subsequent heating of the produced steam to an average
steam outlet temperature of 175 °C, (ii) heating of the dry
biomass to 400 °C (for pyrolysis) and release of pyrolysis
gases (slightly net endothermic set of reactions), (iii) heating
of condensable and non-condensable parts of the pyrolysis
gas as well as the biochar to 600 °C, (iv) steam pre-heating
for biochar activation at 650 °C and supplying additional
energy for heating biochar to 650 °C and for endothermic
gasification reactions, and (v) heat energy in products and
loss of heat from plant surfaces.

3 Results and discussion

3.1 Characterization of pulp biomass samples
and pyrolysis biochars

The proximate composition of the pulp samples and the
reference biomass (pine chips) is reported in Table 1. The
char yields after pyrolysis correspond to the sum of fixed
carbon and ash fractions. The thermal decomposition of the
pulp samples during pyrolysis was similar across all types of

pulps, with char yields varying between 26 and 32%, while
the pine chips reference exhibited a char yield of 24%. The
differences in char yields appeared to be predominantly due
to the ash content of the different samples, with pine chips
showing a much lower ash content (0.2%) in comparison
with the pulp samples, all in the range 3-9%. Interestingly,
among the pulp samples, 2SP samples showed a slightly
lower ash content in comparison with the 1SP: this is an
expected effect of the double pressing, which extracts more
protein, sugar, as well as water-soluble minerals from the
feedstock. To account for this varying ash contents, the char
yield was also calculated on an ash-free basis, which gave
yields of 24-25% (dry- and ash-free basis) for all the sam-
ples, including pine chips. The contents of the main inor-
ganic species present in the pulp samples are reported in
Table 2, and the results of the Van Soest fiber analysis on
the pulp samples are summarized in Table 3.

Potassium (K) and calcium (Ca) were the most abundant
elements detected in the samples, followed by phospho-
rus (S), sulfur (S), and silicium (Si). The main differences
among the samples were seen in the content of K, S, and Si,
most abundant in clover 1SP, 2SP, and in rye 1SP. In con-
trast, the two samples from the November harvest showed
the highest content of Ca and a low amount of K compared
with the samples from an earlier harvest. The results on the
content of cellulose, hemicellulose, and lignin clearly indi-
cate that the November harvested alfalfa and clover have the
highest lignin content. The change in the ash composition
as well as the higher lignin content can be ascribed to the
later stage of the maturation process. The higher lignin can
also explain the slightly higher char yields obtained for these
samples, as its understood that lignin contributes to a larger
proportion of the biochar fraction than say cellulose [44, 45].

Table 4 reports the elemental composition of the pulp
samples and references pine chips and CFA. The elemen-
tal analysis carried out on the biochars, after the pyrolysis
step showed that all the grass and herbaceous biochars
had a carbon content of at least 60%. Pine chips had
the highest carbon content of 90%; however, it is worth

Table 1 Proximate composition

. Dry basis (wt%) Dry- and ash-
of .pulp samples and pine free basis (wt%)
chips reference (dry basis). - - - .
*Calculated by difference Volatiles Ash Fixed carbon* Char yield Char yield

Clover 1SP 68.5+0.1 8.8+0.5 227 31.5 24.8
Clover 2 SP 69.2+0.1 8.1+0.7 22.7 30.8 24.7
Rye 1SP 71.4+0.7 5.4+0.1 232 28.6 244
Rye 2SP 74.0+0.6 3.0+£0.2 23.0 26.0 23.7
Alfalfa 2SP 70.6+£0.6 5.7+£0.8 23.7 294 25.1
Clover Nov20 2SP 69.1+0.3 6.3+0.2 24.6 30.9 259
Alfalfa Nov20 2SP 67.5+0.5 7.6+0.7 24.9 325 27.1
Pine chips 75.6+0.2 0.2+0.1 242 24.4 242
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Table 2 Contents of main
inorganic elements in the pulp

Dry basis [mg/kg]

samples measured by ICP-OES K Ca P Mg S Si
Clover 1SP 18682+190 4241+31 2158+10  1090+11  2225+15 1360+18
Clover 2 SP 26676 +241 4344439  3819+36  1500+21  2326+38 1292 +9
Rye 1SP 20374 +407 3464+25 2927421 1347+£20 2253+18 858+ 14
Rye 2SP 10788 +198 3118+34 2077+9  1019+15  1955+25 975+18
Alfalfa 2SP 12831+146 6622+106 2047 +27 932+2  1475%22 790+5
Clover Nov20 2 SP 10956+12 7187+79  1832+25 1233+10 1405+21 1596 +8

Alfalfa Nov20 2 SP

8288+108 9459 +185

1316 +16 909 +3 1297 +17 5109

Table 3 Fiber analysis of pulp samples via Van Soest method

Dry basis (wt%)

Extractives Hemicellulose Cellulose Lignin

Clover 1SP 26.1+£0.3 31.3+£0.5 28.1+23 58+1.5
Clover 2 SP 23.5+14  34.0+0.6 302+0.7 4.1+0.6
Rye ISP 254+0.7 359402 314+0.6 1.7+0.8
Rye 2SP 192+03  41.3+0.2 33.1+24 3.6+2.3
Alfalfa 2SP 25.6+0.6  25.8+0.3 335+04 9.6+04
Clover Nov20 21.3+0.1 29.1+£0.3 332+0.2 10.0+0.1
2Sp
AlfalfaNov20 21.6+0.7 21.9+0.8 35.6+1.6 134%1.5
2Sp

Table 4 Elemental composition of biochars. *Calculated by differ-
ence, using ash content values reported in Table 1

Dry basis (wt%)

Carbon Hydrogen Nitrogen Oxygen*
Clover 1SP 604+22 2.0+0.1 5116 45
Clover 2 SP 642+19 22+02 29x+06 44
Rye 1SP 624+08 1.8+00 2.0x0.1 145
Rye 2SP 702+3.0 21+0.1 2.6+01 134
Alfalfa 2SP 62.8+3.7 19+00 73x14 85
Clover Nov202SP  70.2+2.0 1.6+0.0 1.2+02 58
Alfalfa Nov202SP  74.0+3.0 1.7+0.1 1.1+£02 0.1
Pine chips 89.8+13 2.4+0.0 1.1+0.3 6.0
CFA 446+12 11+01 0.6+06 313

acknowledging that this sample had a low ash content,
and if the grass and herbaceous chars are adjusted to a
dry- and ash free basis, similarly, high carbon contents
are obtained, between 77 and 96%. A notable exception
to this is the CFA, the commercial biochar product, con-
taining around 45% carbon, notably lower than the other
samples despite having 22% ash.

Table5 Specific surface area and porosity values for chars after
pyrolysis and after the additional steam activation step. BET results
of activated biochars are the average of two activated samples. DFT
pore volume was calculated only on the first measurement, given the
good agreement among repetitions. n.a. =not assessed

Pyrolysis char Pyrolysis + steam
activation

BET DFT BET DFT

(m%g)  (cclg) (m%g)  (cclg)
Clover 1SP 0.98 0.0018 119 0.0505
Clover 2SP 1.17 0.0023 317 0.1262
Rye 1SP 0.89 0.0024 421 0.1693
Rye 2SP 1.94 0.0034 369 0.1479
Alfalfa 2SP 1.36 0.0034 366 0.1622
Pine chips 450 0.1762 519 0.1963
CFA 64.8 0.0611 n.a n.a
Clover Nov20 2SP 1.33 n.a 316 0.142
Alfalfa Nov20 2SP 1.17 n.a 362 0.2011

3.2 Steam activation of biochars

After pyrolysis, all the pulp-derived biochars were found
to have a very low specific surface area (below 2 m?/g)
and pore volume (below 10 mmS/g) (Table 5). These val-
ues are strikingly low when compared with values reported
in literature for grass-derived biochars [4, 46]. This could
be ascribed to the grass pressing process which might have
caused structural modifications to the feedstock. The pine
chips char on the other hand showed a much higher specific
surface area and pore volume (450 m%g, 200 mm?/g), this
time in good agreement with values reported in literature
[47, 48]: because the pyrolysis process was identical for all
samples, such large difference was probably caused by the
feedstock properties. The commercial feed product showed
a lower surface area compared with the pine chips, but still
significantly higher than the pulp biochars (64.8 m?/g). In
order to verify whether it was possible to achieve a better
surface structure for the pulp biochars without an activation
step, but only tuning the pyrolysis temperature, the influ-
ence of the pyrolysis temperature on the specific surface area
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Fig.2 Evolution of specific surface area of char samples produced at
different pyrolysis temperature

was investigated on two samples. The clover and alfalfa har-
vested in November were pyrolyzed at 650 °C and 700 °C.
The results on the specific surface area over the tested tem-
peratures are reported in Fig. 2, and showed that increasing
the pyrolysis temperature did not yield higher surface area,
but instead seemed to have a slightly detrimental effect. The
surface area of biochar is known to increase with increasing
pyrolysis temperature due to the releasing of volatiles up to
800-900°C, while at higher temperatures the surface area
may decrease again due to shrinking of the solid matrix,
pore widening and coalescence as well as melting of ash, all
leading to a reduction of the microporosity [48—50].
Despite the pressing process and the very low measured
values for the specific surface area of pulp-derived biochars,
SEM images revealed that even 2SP pyrolysis biochars
exhibited a fibrous macrostructure, with visible xylems and
pores (Fig. 3). The presence of these structures, together
with the relatively high carbon content of the pyrolysis chars,
suggested a good potential for improving the surface area by
steam activation. Indeed, the channels and pores observed
in the biochars can favor the diffusion of steam within the

%drk mode WD HV spot mag 11/ HFW  [temp
2X) ETD SE 11,6882 mm 20.00 kV 4.0 2000 x 207 pm ---

biochar particles, facilitating the surface area development
via steam reforming reactions.

The steam activation treatment was performed in dupli-
cate on the biochar samples. The mass loss was similar for
all samples in both trials, with an average standard deviation
of 5%. Consistently, the steam-activated duplicates were also
found to have similar specific surface area, with an average
standard deviation of 2%: the average BET specific surface
area over the two repetitions is reported for all samples in
Table 5. Given the good agreement among repetitions, the
pore volume was calculated only on the first measurement
for a qualitative assessment. Overall, results showed that
steam activation had a dramatic effect on the porosity of
all pulp biochars, in most cases achieving a final specific
surface area well above 300 m?/g. Interestingly, pine chips
biochar did not benefit as much from the activation process
but nevertheless achieved the highest surface area after acti-
vation (519 m% Q).

The difference in the surface area measured before and
after steam activation is a consequence of the C burn-off
from the surface and subsequent creation of new pores and
enlargement of the pores already present on the surface.
However, such a large difference in specific surface area is
also caused by the measurement method, which is influenced
by the change in the pore size distribution on the biochars
with activation. The surface of pyrolysis chars is known to
be highly microporous (rich in pores smaller than <2 nm),
and the smaller pores are not accessible to N,: this can lead
to an underestimation of the specific surface area of pyroly-
sis chars. On the other hand, the steam activation makes
the surface more accessible to the N, probe gas, and con-
sequently its measurement via N, adsorption more accurate
[51]. The much higher specific surface area measured on
the activated samples clearly indicates a more open surface,
potentially much more permeable to adsorb molecules such
as toxins and other contaminants.

v spotimag I/HFW  |temp
7052 mm 20.00 kV 4.0 2 000 x 207 pm ---

Fig.3 SEM images of pyrolyzed fiber pulp: clover 2SP (left) and alfalfa 2SP (right)
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Fig.4 Carbon burn-off after 100
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Figure 4 shows the C burn-off calculated as in Eq. 1
for the different samples after the pyrolysis and after the
steam activation step. The C concentrations measured in
the samples after drying, pyrolysis, and activation are
reported in the supplementary material. The C burn-off
during pyrolysis was similar for all the pulp samples
(between 50 and 55 wt%), while it varied significantly
during the steam activation step. This was most likely a
consequence of the different elements present in the ash

Fig.5 Correlation of the C a)
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fraction, that influence the reactivity of each biochar in
the presence of steam. Indeed, the C burn-off appeared
to be positively correlated with the total ash content in
the pulp samples (Fig. 5a), but not in the same way for
all elements. The C burn-off appeared to be positively
correlated with the content of most elements reported
in Table 2. On the other hand, the correlation with the
content of Ca appeared uncertain and possibly nega-
tive: Fig. 5b shows the correlation between the K and Ca
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content and the C burn-off during activation. Correla-
tions with the content of P, Mg, S, and Si can be found
in the supplementary material. Alkali and alkaline earth
metals (AAEMs) are known to have a catalytic effect on
the gasification of biomass, with K being reported as the
most active [52]. Ca, on the other hand, has been found in
some cases to exert an inhibitory effect on both steam and
CO, gasification reactions of biochar [53, 54].

The higher level of C burn-off during activation did
not correspond to a larger final surface area. For example,
clover (1SP and 2SP) showed the highest C burn-off dur-
ing steam activation but yielded a lower final surface area
compared with the other pulp samples. Interestingly, clo-
ver pulp from a later harvest showed a lower C burn-off
during activation but a final surface area comparable with
early harvested clover. This can be ascribed to a lower
content of minerals and higher content of lignin (Tables 1
and 3), consistent with the grass maturation process.

Overall, samples with lower ash and higher lignin con-
tent appeared to yield biochars with improved surface
area and porosity following steam activation. This result
suggests that the best-quality activated biochar can be
obtained from double-pressed pulp and from grasses and
legumes harvested at higher maturity.

In order to compare the laboratory results with the
actual process, the surface area and porosity were also
measured on a pulp biochar obtained with the AquaGreen
100 kWth pilot plant. The sample was obtained from clo-
ver pulp 2SP, and the maximum temperature reached
within the process was 680 °C. The obtained biochar had
a specific surface area of 104 m?/g and a pore volume
of 0.0579 cm?/g. These values are not as high as those
obtained after the laboratory steam activation, but they
are certainly higher compared with the samples from
batch pyrolysis in the same temperature range. This result
suggests that the presence of steam in the pyrolysis stage
within the AquaGreen system is beneficial for the surface
structure of the final biochar product, and might be used
to improve the adsorption capability.

Fig. 6 H/C ratio and recalci- O H/C pyrolysis chars
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3.3 Stability indicators of the carbon fraction
of biochars

The H/C ratios for the different biochars are shown in Fig. 6,
alongside the recalcitrance ratio Ry, resulting from the ther-
mogravimetric analysis presented in Sect. 3.1. The H/C ratio
for all the pyrolysis samples was in the range 0.28-0.4, while
the steam activation had the effect of reducing the H/C
ratio for the majority of the samples, suggesting a slightly
increased recalcitrance as a consequence of activation. This
can be ascribed to the loss of more labile carbon during the
steam activation treatment.

For the analyzed samples, the Ry, value appeared to
vary in a narrower range than the H/C ratio. The correla-
tion between the two parameters appeared consistent for
the pyrolysis chars, where lower H/C ratios corresponded
to higher Rs, values. The correlation was not as clear for
the activated chars: in most cases the H/C ratio was clearly
reduced compared to the pyrolysis sample, but Rs, appeared
hardly affected by the activation, if at all. The most signifi-
cant difference in the Ry, value was between the pulp and
the pine chips biochar, the latter having the highest R, value
of 0.57. This result indicates that the temperature at which
the carbon oxidizes for the pulp biochars is lower than that
of the pine chips biochar; the latter is therefore considered
more recalcitrant in the environment.

Overall, the H/C ratio appears more sensitive than Ry,
to changes in the biochar structure due to the activation
treatment. According to current indications of the Euro-
pean Biochar Foundation, a biochar is considered to be
completely pyrolyzed if the H/C,, ratio is <0.7, which is
the prerequisite for EBC certification [16]. Moreover, the
carbon stability of biochar for carbon sequestration is con-
sidered the highest (a conservative average degradation rate
of 0.3% per year) when the H:C,, ratio is below 0.4 [13].
Based on the obtained H/C ratios, according to Budai et al.
[38] at least 70% of the carbon in the biochar is predicted to
be recalcitrant in soil for 100 years, with 95% confidence.
In the context of this work, the results indicate that all the
pulp biochars have a high theoretical recalcitrance in the
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environment and therefore a good carbon sequestration
potential, especially after the activation step. Such potential
can be realized if the biochar is used directly as soil amend-
ment or incorporated into soils after its cascade use in ani-
mal feed, bedding, composting and similar applications [13].

3.4 Results of mass- and energy balances
and assessment of climate crisis mitigation
potentials

The main results from the energy and mass balance cal-
culations for a system with integrated char activation are
provided in the charts in Figs. 7 and 8, with variation of
grass pulp type and sample moisture content. The individ-
ual components of the energy balance are summed up —
where relevant, of heat capacity, chemical energy potential,
and enthalpy of evaporation (steam only). The results can
be related to the products illustrated in the system layout
(Fig. 1), where product C1 corresponds to the pyrolysis gas,
biochar is C3, activation gas is C2, low temperature heat is
B2, and low temperature steam is B3.

Fig.7 Energy balance estima- 120
tion in system with integrated
char activation as function of 100
grass pulp sample composition. [
Average composition of five dif- 80
ferent pulp types also included. % .
See Fig. 1 for system layout. w60
Pyrolysis gas=C1, activation g
gas=C2, biochar=C3, low 5 40
temperature heat=B2, and low- §
temperature steam = B3 20 .
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Fig. 8 Energy balance estima- 140
tion in system with integrated
char activation as function of
biomass moisture content. Aver- 100
age composition of five different
grass pulp types used (data in
Table 1, Table 4, and Fig. 4).
See Fig. 1 for system layout.
Pyrolysis gas=C1, activa-

tion gas=C2, biochar=C3,
low-temperature heat=B2, and
low-temperature steam=B3

120

80

60

40

% of biomass HHV

20

-20

-40

M Pyrolysis gas M Biochar

Figure 7 shows that among different types of pulp,
results vary primarily with the level of C burn-off (char
gasification) during the activation step. In processes with
substantial char gasification, a large fraction of the energy
in the char is transferred into the activation gas, consisting
mainly of CO and H, resulting from the reaction of carbon
with steam, as well as residual steam at around 650 °C. In
addition, a severe char activation requires additional heat
and steam which, in these calculations, reduce the heat-
ing potential of the residual pyrolysis gas and the amount
of low temperature steam from the dryer. Across the 5
different pulp samples, 4-5% of the energy in the excess
pyrolysis gas is found in the form of heat, while 95-96%
is in the chemical energy potentia/HHV. In the activated
biochar product, the split is 5-9% as heat and the rest as
HHYV while the split in the non-activated biochar fractions
contain around 3% energy as heat and 97% as HHV. In
the calculations, there is a fixed relationship between heat
and evaporation enthalpy (32% of energy) and HHV (68%
of energy) in the activation gas, determined by the excess
steam ratio. Similarly, there is a fixed ratio between the

Clover 1SP Clover 2SP Rye 1SP Rye 2SP Alfalfa 2SP

Activation gas B Low temp steam M Low temp heat = Losses B Unaccounted

60 70 75 80
Moisture content in biomass feedstock [wt%]
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amount of energy in the residual steam in the activation
gas that can be extracted at high temperatures from 100
to 650 °C (around 30%) and at temperatures below 100
°C via condensation (around 70%). In the subsequent use
of the results, all the sensible heat — both high and low
temperature, in the gas product from char activation is
assumed used for low-temperature purposes in the produc-
tion of district heating services After cooling and conden-
sation of the steam, the permanent gases can be used for
high temperature purposes and advanced uses.

Figure 8 shows uses an average composition across five
pulp samples and shows that the moisture content in the
fuel should be between 50 and 75 wt% to fulfill the require-
ments in the current system layout. With the estimated
steam-carbon ratio in char activation of 500 molar% steam
surplus, at least 45% moisture in the grass pulp substrate is
required to provide sufficient steam from the steam dryer to
supply enough heat for the char activation process. Similarly,
there is a maximum moisture content of around 70-75% in
the average grass pulp where after there will be an energy
deficit in the system unless unutilized energy potential
in the biochar or the residual gas from char activation is
exploited. The latter is the main boundary condition as the
steam requirement is highly uncertain and there is plenty of
energy in the low-moisture system to produce steam from
water from the green biorefinery. For systems without char
gasification, there is no lower moisture limit, while the upper
moisture limit is somewhat higher and found to be around
80 wt% moisture (results not shown).

From the energy- and mass-balance calculations, a prod-
uct distribution to be used for the climate impact assessment
is extracted. This product distribution is provided in Table 6
for five different grass pulp substrates with 70 wt% moisture,
in systems with and without steam activation of biochar.

In the assessment of the potential climate impact, based
on the H/C ratios measured on the pulp biochars (Fig. 6),
and discussed in Sect. 3.3, it is assumed that the carbon sink
potential in all chars is 70% of C content. Moreover, the fol-
lowing product uses and effects are assumed:

— Product 1: Biochar and activated biochar is sequestered,
with a climate impact of 3.67 kg CO,_, per kg C per-
sisting after 100 years, based on BC,, stability factors.
3.67 is the mass ratio between 1 mol of CO, and 1 mol
of carbon. Heat in the biochar is not recovered. There
are many possible uses of the biochar products before
amendment into soil, such as feed additive, especially if
steam-activated. These uses may also have substantial
climate impacts, but these are not included in this assess-
ment.

— Products 4, 5, and 7: It is assumed that the energy in these
product streams is used either for low-temperature pro-
cess heat in the adjacent green biorefinery, or for produc-
tion of district heating. To investigate the different use
cases, the effect of products 4, 5, and 7 is modeled sub-
stituting either marginal Danish district heating (replace-
ment effect of 10.4 kg CO,_, per GJ) or heat from natural
gas (replacement effect of 66.0 kg CO,_ per GIJ).

— Products 2, 3, and 6: These are high energy quality
products that can be used for various purposes. In the
current study, the use is focused on high temperature
process heat, while other options like oil extraction and
fuel synthesis may also be both possible and relevant.
In the best case, the high-temperature heat is assumed
to replace heat from combustion of coal (replacement
effect of 112.2 kg COz.eq per GJ), while the heat is used
for production of marginal district heating in the worst
case (replacement effect of 10.4 kg CO,_, per GJ).

Table 6 Products and product characteristics from integrated steam drying and thermal pyrolysis of 1 ton grass pulp as received from green
biorefinery, with 70 wt% moisture. Results for systems with and without char activation. DH: district heating. HHV: higher heating value

System with char activation

System without char activation

Clover 1SP Clover 2SP Rye 1SP Rye 2SP  Alfalfa 2SP Clover 1SP Clover 2SP Rye 1SP Rye 2SP  Alfalfa 2SP

Biochar

kg biochar carbon (1) 20 25 28 42
Excess pyrolysis gas

GJ process heat (2) 0.01 0.00 0.01 0.04
GJ HHV (3) 0.27 0.05 0.29 0.88
Excess steam from dryer

GJ DH or similar (4) 1.19 1.25 1.47 1.72
Activation gas

GJ DH or similar (5) 0.80 0.74 0.52 0.26
GJ HHV (6) 1.69 1.55 1.09 0.55
Low-temperature heat from exhaust and condensate

GJ DH or similar (7) 0.19 0.19 0.18 0.17

57 59 52 55 55
0.00 0.04 0.04 0.04 0.05 0.03
0.02 1.06 0.78 0.80 1.17 0.60
1.41 1.94 1.94 1.95 1.97 1.95
0.57 0.00 0.00 0.00 0.00 0.00
1.21 0.00 0.00 0.00 0.00 0.00
0.18 0.17 0.17 0.16 0.16 0.16
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Fig.9 Best and worst case potential climate crisis mitigation value
of products from steam drying and thermal pyrolysis of various grass
pulp samples (70 wt% moisture) in a system with steam char activa-
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Fig. 10 Best- and worst-case potential climate crisis mitigation value
of products from steam drying and thermal pyrolysis of various grass
pulp samples (70 wt% moisture) in a system without steam char acti-

From the assessment results reported in Figs. 9 and 10,
it is evident that the end-use of energy-products from the
proposed system has a huge impact on the potential climate
crisis mitigation effect. This is especially evident in the sys-
tem with char activation where there is a difference between
the best and worst case of a factor of 3—4. In the system
without char activation, the biochar plays a large role in the
final result, which stabilize the impact potential across the
energy product end-use scenarios. In this system, the dif-
ference between the best and worst case setting is around a
factor of 2.

The difference in the total effect of the systems with
and without char activation is insignificant in the best case
scenarios (minimum impact is 0-2% lower than maximum

™ Low temperature heat

vation. Results per ton of pulp with 70 wt% moisture. AG, residual
activation gas; DH, district heating; HHV, higher heating value; B,
best case; W, worst case

impact), while it is substantially higher in the worst-case
scenarios where the climate mitigation potentials of the
products from the system with char activation is 15-45%
lower than the potentials related to the systems without char
activation.

The influence of moisture content of the grass pulp sub-
strate has also been assessed. Results from the system with
char activation are presented in Fig. 11. Calculations are
made per ton of dry matter of pulp feedstock, with moisture
content varying from 50 to 70 wt%. These moisture levels
were determined as soft boundary conditions in the energy
and mass balance calculations, as feasible for the operation
of a system with char activation without external supply of
steam or heat.
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Fig. 11 Best- and worst-case
potential climate crisis mitiga-
tion value of products from
steam drying and thermal pyrol-
ysis of an average composition
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tion of moisture content from
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From these results, it is evident that under worst case con-
ditions, the influence of moisture content on the climate miti-
gation potential of the products is not significant. Under worst-
case conditions, it is the biochar carbon sequestration effect
that drives the impact potential, regardless of the moisture
content, at least as long as there is sufficient energy to avoid
exploitation of biochar carbon for energy purposes. Under
best-case conditions, there is a steady decline in mitigation
potential with increasing moisture content. This development
is largely based on the shift from coal-substitution to natural
gas substitution, which has a much smaller climate intensity.

In addition, from the assessment of systems without char
activation (results provided in supplementary material), it is
found that the mitigation potential of systems with char acti-
vation is much more dependent on the value of the energy-
use than in systems without char activation. Increased focus
on the value of the energy product increases the uncertainty
and sensitivity related to the climate benefit, and makes it
more vulnerable to a continuous sustainable transition in
the surrounding energy system [40]. This should be given
a very high priority during planning, implementation, and
operation of such systems.

Overall, it is found that biochar activation can influence
the climate impact of grass pulp pyrolysis, but also that
circumstances related to use of energy products, and par-
ticularly the residual activation gas, may play a substantial
part in the final accounting. From the results reported in this
work regarding the structural and composition changes dur-
ing char activation, it is likely that the activation step may
foster a high value biochar utilization (e.g., as feed additive)
and that its cascade use may induce additional climate ben-
efits. However, the price to pay is a carbon loss affecting the
biochar C-sink potential as well as a different set of circum-
stances related to the production and use of energy products.

The assessment of the climate mitigation impact is based on
relatively simple energy and mass balances and contains some
sensitive assumptions and parameters. There could be many
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other energy-product use situations as well as variations in feed-
stock composition and system layout. For example, in situations
with small plants with low thermal capacities or limited end-use
options, it may not be economically feasible to optimize use of
all energy products. In such cases, it could become viable to
gather all energy streams for a single use, e.g., as local supply or
for a district heating network. In single-use cases, the potential
climate crisis mitigation potential will depend heavily on the
climate intensity of the energy source substituted. In addition,
there are some central omitted aspects that should be addressed
in full with a footprint accounting or LCA studies to support or
challenge the present results. These include e.g.:

— Effect of biochar in downstream use systems, e.g., as feed
additive, filter substrate, etc. This could also be cascade
systems and the effects on the fate in soil should also be
included.

— Effect of increased transportation input and utilities for sys-
tem modification (drying, pyrolysis, and char activation)
— however, this has previously been found to have limited
effect on systems for biomass pyrolysis [40]

— The current use of the grass pulp has not been included
in the assessment. This is a limitation as the net effect of
the proposed system should be calculated as the difference
between the effect of the current use and the proposed sce-
nario. If the current use has a climate impact, then this
would increase the net effect of the proposed system; in
contrast, if the current use provides a climate benefit, then
this would reduce the potential net benefit of the proposed
system.

4 Conclusions

The integration of a biochar production system in a green
biorefinery was investigated with laboratory-scale pyroly-
sis and biochar characterization, as well as energy and



Biomass Conversion and Biorefinery

mass balances to assess the feasibility and the potential
climate impact of the integrated system. The residue of
green juice extraction, the fiber-rich pulp, was obtained
from processing of different grass and legume species
with different extraction steps (1 or 2) and with different
levels of maturity at harvest. The different types of pulp
showed very similar proximate composition and a similar
behavior during pyrolysis, yielding biochars with a rela-
tively high carbon content (above 60 wt%), but very low
specific surface area and pore volume. Surface area was
not improved by increasing the pyrolysis temperature. In
contrast, an additional steam activation treatment at 650
°C had a dramatic effect on the surface area of the biochar
samples, which increased up to 400 m>/g. However, pulp
samples behaved differently in the activation step, due to
their diverse content and composition of inorganics. The
results highlighted the importance of the activation step
in order to obtain porous pulp biochars with a good poten-
tial to be used as animal feed additives. In this regard,
highest specific surface area with lower carbon burn-off
appeared to be achieved either with pulp that underwent
a double pressing, or from pulp samples derived from
grasses harvested at higher maturity (with decreased con-
tent of inorganics and increased content of lignin). The
evaluation of the theoretical carbon stability of the pulp
biochars indicated a good carbon sequestration potential
for all of them, which might improve after the steam acti-
vation treatment. The techno-environmental assessment of
the potential climate impact from energy production and
carbon sink effects reveals that there are both substantial
potential benefits and large variation among the results.
The variation is fostered primarily by the end-use of the
produced energy products and the related substitution
value hereof; therefore, this should be taken into account
during planning and implementation. Variation induced
by grass pulp characteristics are less significant, except
for moisture content which is found to have significant
influence on the results as well. The best-case results are
found to be comparable in systems with and without char
activation, while-worst case results are found to be better
in systems without char activation due to the robust effects
of biochar carbon storage related to the increased amount
of carbon in the biochar. The analysis has identified several
key aspects that should be further investigated. The char
activation process should be modeled in a situated case
context where the process is optimized towards a specific
char end-use and use of the activation gas. Moreover, ref-
erence grass pulp use effects should be investigated and
included in the assessment. Future work should include a
complete climate footprint assessment of integrated grass
bio-refineries and pyrolysis systems, with and without
char activation, preferably based on data from pilot-scale
experimental campaigns.
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