
UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!

Title Improving gaseous biofuel yield from seaweed through a cascading
circular bioenergy system integrating anaerobic digestion and pyrolysis

Author(s) Deng, Chen; Lin, Richen; Kang, Xihui; Wu, Benteng; O'Shea, Richard;
Murphy, Jerry D.

Publication date 2020-05-11

Original citation Deng, C., Lin, Ri., Kang, X., Wu, B., O'Shea, R. and Murphy, Jerry D.
(2020) 'Improving gaseous biofuel yield from seaweed through a
cascading circular bioenergy system integrating anaerobic digestion and
pyrolysis', Renewable and Sustainable Energy Reviews, 128, 109895 (20
pp). doi: 10.1016/j.rser.2020.109895

Type of publication Article (peer-reviewed)

Link to publisher's
version

http://www.sciencedirect.com/science/article/pii/S1364032120301878
http://dx.doi.org/10.1016/j.rser.2020.109895
Access to the full text of the published version may require a
subscription.

Rights 2020 The Authors. Published by Elsevier Ltd. This is an open access
article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0)
http://creativecommons.org/licenses/by/4.0

Item downloaded
from

http://hdl.handle.net/10468/10200

Downloaded on 2021-11-27T12:28:55Z

https://libguides.ucc.ie/openaccess/impact?suffix=10200&title=Improving gaseous biofuel yield from seaweed through a cascading circular bioenergy system integrating anaerobic digestion and pyrolysis
http://www.sciencedirect.com/science/article/pii/S1364032120301878
http://dx.doi.org/10.1016/j.rser.2020.109895
http://creativecommons.org/licenses/by/4.0
http://hdl.handle.net/10468/10200


Renewable and Sustainable Energy Reviews 128 (2020) 109895

Available online 11 May 2020
1364-0321/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Improving gaseous biofuel yield from seaweed through a cascading circular 
bioenergy system integrating anaerobic digestion and pyrolysis 

Chen Deng a,b, Richen Lin a,b,*, Xihui Kang a,b,c,d, Benteng Wu a,b, Richard O’Shea a,b, Jerry 
D. Murphy a,b 

a MaREI Centre, Environmental Research Institute, University College Cork, Cork, Ireland 
b School of Engineering, University College Cork, Cork, Ireland 
c Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou, China 
d University of Chinese Academy of Sciences, Beijing, China   

A R T I C L E  I N F O   

Keywords: 
Biomethane 
Anaerobic digestion 
Seaweed 
Biochar 
Pyrolysis 
Cascading circular bioenergy system 

A B S T R A C T   

Advanced biofuels include biomass sources free from land use such as seaweed. Seaweed biomethane may 
contribute significantly to a climate-neutral transport future; however, seaweed has limited biodegradability via 
anaerobic digestion (AD). To address this issue, the authors proposed a cascading circular bioenergy system 
incorporating pyrolysis (Py) for production of biochar, syngas and bio-oil, with the primary use of biochar in AD 
to promote biomethane production through direct interspecies electron transfer. The feasibility of the proposed 
AD-Py system was demonstrated by integrating a seaweed-based AD and a residue-based Py system to enhance 
advanced biofuels production. The AD results showed biochar achieved comparable performances to high-cost 
graphene in terms of enhancing biomethane production from seaweed. When digesting Laminaria digitata 
(common kelp), optimal biochar addition at 1/4 (biochar mass: volatile solid of seaweed) increased biomethane 
yield by 17% and peak production rate by 29% with accelerated volatile fatty acids conversion during AD. When 
digesting Saccharina latissima (sugar kelp), biomethane yield increased by 16% with optimal biochar addition. A 
mass and energy balance analysis indicated that processing 1.000 t of Laminaria digitata in AD, combustion of 
syngas and surplus biochar (in excess of biochar added in AD) from Py of 1.254 t forest residue and 0.078 t dried 
digestate could fulfil all the heat demand for the integrated AD-Py system. The process integration increased 
biomethane yield by 17% and bio-oil yield by 10%. Furthermore, a 26% decrease in digestate mass flow could be 
achieved, thereby reducing the demand for agricultural land for digestate application.   

1. Introduction 

1.1. Advanced gaseous biofuel from seaweed 

The transport sector accounted for 29% of total EU-28 CO2 emissions 
in 2017 according to the International Energy Agency’s statistics [1]. 
The development and deployment of advanced biofuels are required for 
climate-neutral transport, especially long-distance transport vehicles 
(ships, long-haul trucks and coaches). The recast Renewable Energy 
Directive (REDII) specifies an increase in the share of advanced biofuels 
in transport energy demand from 0.5% in 2021 to 3.6% by 2030, and 
meanwhile proposes a scale-down of food crop-based biofuels from 7% 
to 3.8% by 2030 [2]. As a platform technology, anaerobic digestion (AD) 
is capable of converting a wide range of organic substrates to biogas 

(usually consisting of 50–60% biomethane), whilst providing external-
ities of waste treatment, improved water quality, clean air, together with 
rural job creation. Biogas from AD may be upgraded to biomethane 
(with greater than 98% CH4) for use in natural gas vehicles (NGVs). 
NGVs are suitable for long haul trucks and coaches; biogas also has 
applications in ferries in the form of liquified biogas. 

Advanced biofuels typically do not negatively impact on agricultural 
output as exemplified by algal biofuels. Seaweed (macro-algae) has a 
high photosynthetic efficiency, high productivity, and does not compete 
for finite arable land for food production with a growing world popu-
lation [3]. Brown seaweed (Kelp) species such as Laminaria digitata 
(L. digitata) and Saccharina latissima (S. latissima) have been extensively 
assessed as potential AD feedstocks due to their abundance and high 
specific methane yield (SMY) [4,5]. Yields of these kelps are optimal in 
temperate oceanic climates such as in the north east Atlantic. It has been 
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shown that S. latissima may produce 10250 m3 CH4 per hectare of sea per 
year (365 GJ/ha/year) in Ireland [6], a number comparable to the 
highest range of any tropical land based liquid biofuel system. There-
fore, using kelps as alternative substrates for biomethane production 
through innovative AD technology may significantly contribute to the 
fulfilment of the renewable energy targets proposed in REDII. 

1.2. Challenges to biomethane production from L. digitata and 
S. latissima 

One issue is the variability in biomethane yield of similar species in 
the literature as shown in Table 1. This variance may be due to the 
testing regime (such as the reaction temperature and inoculum to sub-
strate ratio) and to compositional variations in harvested seaweed due to 
age, temperature of water, and season. Most of these SMYs accounted for 
a relative low percentage of the theoretical biomethane potential [7]. 
Allen et al. [6] showed a biodegradability of L. digitata of 48%, while 
S. latissima had an 81% biodegradability. The relatively low biocon-
version efficiencies may be primarily attributed to: (1) the presence of 
complex polysaccharides, (2) an imbalanced carbon-to-nitrogen (C:N) 
ratio, and (3) high levels of sulphur, polyphenols and salinity. Generally 
speaking, high levels of ash with low levels of mannitol and laminarin 
were observed in winter harvested kelps [8]. The low SMY of the 

S. latissima sample harvested in February was ascribed to the high levels 
of alginate, reflecting a low content in readily degradable laminarin and 
mannitol [9]. High levels of proteins in some kelps have also been 
observed to cause sub-optimal performance during AD due to the 
imbalanced C:N ratio [10]. An optimal C:N ratio of 20–30 has been 
suggested for a stable AD process [11,12]. A C:N ratio of less than 15 
could lead to high concentrations of ammonia, which in excess of 5 g/L 
is deemed inhibitory [13]. The high content of slowly degradable pro-
teins (10–20% of TS), high content of ash (33–39% of TS), and high 
content of polyphenols (up to 0.13% of TS) led to the low C:N ratios 
(6.6–13.2), high salinity (10.4 � 0.10–11.0 � 0.08 g/L), and antimi-
crobial environment during the digestion of winter/spring harvested 
L. digitata, all of which were responsible for the low SMYs [14]. High 
content of sulphur and chloride may also raise issues for kelp digesters. 
In the work by Ometto et al. [15], as the addition ratio of S. latissima 
(with a sulphur content of 3.4% of TS) increased from 20% to 80% (VS 
percentage of S. latissima in the mixed feedstock) into the 
semi-continuous AD reactors treating municipal wastewater sludge, the 
hydrogen sulphide in the biogas significantly increased from nearly zero 
to 10 000 ppm, well above the critical threshold for inhibition (200 ppm 
[13]). In a previous study by Tabassum et al., the chloride concentration 

in the reactor reached 11 g/L when the mono-digestion of L. digitata 
failed [16]. Efforts made towards improving AD efficiency typically 
include feedstock pre-treatment to reduce structure recalcitrance 
[17–19], co-digestion of seaweed with carbon rich biomass to balance 
the C:N ratio [20,21], and optimisation of operational parameters [22, 
23]. These efforts generally require additional energy or material input, 
that may limit the net energy output. 

1.3. Interspecies electron transfer in anaerobic digestion 

Mediated interspecies electron transfer (MIET) in which two syn-
trophic partners (fermentative bacteria and methanogens) utilize H2 or 
formate as the electron carriers is an essential process within the AD 
system. However, the efficiency of MIET is relatively low due to the 
diffusion limitation of electron carriers. Alternatively, direct interspe-
cies electron transfer (DIET) induced by conductive carbon-based ma-
terials (such as graphene and biochar) may lead to a higher AD 
efficiency as DIET does not involve the production and diffusion of 
electron carriers. Previous studies have demonstrated that the conduc-
tive nanomaterial graphene could stimulate DIET in complex microbial 
communities, thereby improving AD performance [34–37]. Table 2 
provides a summarised review of graphene application in AD. With 
graphene added at an optimal concentration, the AD performance could 

List of abbreviations 

AD Anaerobic digestion 
Py Pyrolysis 
DIET Direct interspecies electron transfer 
NGV Natural gas vehicle 
SMY Specific methane yield (ml/g VS) 
BMP Biomethane potential (ml/g VS) 
VS Volatile solid 
MIET Mediated interspecies electron transfer 
VFA Volatile fatty acid (mg/L) 
TS Total solid 
SEM Scanning electron microscope 
BET Brunauer-Emmett-Teller 
XRD X-ray diffraction 
BI Biodegradability index 
HHV Higher heating value (MJ/kg) 
LHV Lower heating value (MJ/kg)  

Table 1 
Specific biomethane yield of L. digitata and S. latissima during anaerobic digestion (AD) in different studies.  

Seaweed species Month of harvest AD temperature SMY (ml/g VS) Biodegradability index (%) Reference 

L. digitata August 37 �C 218.0 46 [6] 
L. digitata January 37 �C 129.1 \ [24] 
L. digitata Every month throughout a year 24 �C 196.3–254.1 54–64 [25] 
L. digitata May 35 �C 184 \ [26] 
L. digitata May 45 �C 141 \ [26] 
L. digitata March 37 �C 245 52 [27] 
L. digitata September 37 �C 280 62 [27] 
L. digitata Every month throughout a year 37 �C 203–327 44–72 [14] 
L. digitata November 55 �C 155.3 72 [28] 
S. latissima August 37 �C 341.7 81 [6] 
S. latissima \ 35 �C 335 \ [29] 
S. latissima July 35 �C 270 \ [30] 
S. latissima July 35 �C 209 \ [31] 
S. latissima August 37 �C 223 \ [32] 
S. latissima August 39 �C 372 \ [33] 
S. latissima February, May, August, and October 37 �C 195–352 \ [9] 

Note: SMY: specific methane yield. 
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be significantly enhanced with biomethane yield increasing by 5–25% 
and biomethane production rate increasing by 20–51%. It is noteworthy 
that the enhancement of AD performance depends highly on graphene 
concentration, feedstock characteristics, and AD operational conditions 
(such as mesophilic and thermophilic temperatures). 

Despite the considerable enhancement in biomethane production, 
the high cost of graphene can be an obstacle to its practical application. 
The purchase price for graphene nanosheets was €644/kg from Sigma 
Aldrich [38]. The average retail price for biochar was about €3/kg ac-
cording to a market survey conducted by the International Biochar 
Initiative in 2014 [39,40]. As a cheaper conductive and porous carbon 
material, biochar can be produced from pyrolysis of various lignocel-
lulosic biomass and has the potential to exhibit a strong electron transfer 
capability [41,42]. In addition to stimulating DIET, biochar may miti-
gate feedstock-induced instability through adsorbing microbial in-
hibitors, enhancing the buffering capacity in the reactor, and 
immobilising bacterial cells due to its large specific surface area, 
porosity, and inherent surface chemistry [43]. These findings highlight 
use of biochar as a low-cost alternative additive for both inhibitor 
removal and establishment of DIET. Cooney et al. found that the mi-
crobial biofilms created by biochar could support the colonisation of 
acidogens, acetogens and methanogens at the start-up stage of the AD 
process, contributing to a 69% COD reduction of the high strength 
wastewater [44]. Wang et al. found that vermicompost derived biochar 
could alleviate the accumulation of volatile fatty acids (VFAs) and in-
crease pH, thereby improving the stability of the digester at high organic 
loading rates [45]. From the perspective of the surface characteristics, 
biochar may have the potential to enhance biomethane production and 
stability of the AD process as compared to graphene. A gap in the state of 
the art is the lack of scientific literature on the effects of biochar on 
digestion of brown seaweed (L. digitata and S. latissima). Optimisation of 
biochar addition in digestion of seaweed is required to improve the 
biodegradability of seaweed, which in turn is required to facilitate a 
climate friendly and financially viable seaweed biofuel industry. 

1.4. Cascading circular bioenergy system 

Although AD technology is relatively mature, it is still faced with 
several challenges, such as process instability, inefficiency associated 
with the inability to digest recalcitrant feedstocks (as is the case with 
seaweed) and associated agricultural land banks for reuse of digestate. 
Digestate is dominated by undegraded or slow to degrade components of 
feedstocks (such as lignin, nutrients and microbial cells). If biodegrad-
ability is limited to 60% then 40% of potential energy is unutilised. 
Traditional land application of digestate may lead to waste in the 
inherent energy value of the digestate, high demand for arable land, 
high transportation cost of dilute digestate, and greenhouse gas emis-
sions associated with slow to degrade undigested volatile material. The 
foregoing affects the sustainability of the entire supply chain [46]. Py-
rolysis can extract this residual energy in the solid digestate through 
tuneable production of syngas, bio-oil and biochar. Bio-oil has similar 
molecules (such as C8 – C16 aromatics along with paraffins and cyclo-
alkanes) to petroleum crude oil, and has potential for use in hard to 
decarbonise transport sectors such as shipping and aviation [47]. Bio-
char is a sustainable carbonaceous material with applications in diverse 
areas, including for, supercapacitors, solid carbon catalysts, improving 
soil organic content and biological technologies. Application of biochar 
to soil not only improves soil quality but is deemed a negative emission 
technology through carbon sequestration [48,49]. Biological technolo-
gies such as addition of biochar to an AD process could enhance bio-
methane production and support the development of stable microbial 
communities. Biochar can link biological AD and thermochemical py-
rolysis in a cascading circular AD-Py system, which may have many 
benefits including: overcoming recalcitrant features of feedstock; 
reduction of problematic land application for digestate management; 
improvement in biofuel production and energy recovery efficiency; and 
increased economic benefits within the circular bioenergy system. Pre-
vious studies have shown that integrating AD and Py could increase 
energy recovery under optimised conditions [50]. However, the effi-
ciency of an integrated AD-Py system depends on many factors, such as 
the biodegradability of the feedstock, the allocation of biomass re-
sources to the AD and Py processes, and the interactions between the 
two processes under different integration scenarios. The efficiency of an 
integrated AD-Py process based on innovative third-generation feed-
stock seaweed has not been documented in the literature yet. 

1.5. Research gap in the state of the art and novelty of this study 

The incorporation of biochar into the digester and the reuse of 
digestate in the pyrolizer offers a promising opportunity to enhance 
advanced biofuel production from seaweed in a cascading circular AD- 
Py system. However, a gap in the state of the art is an assessment of 
the feasibility of integrating a seaweed-based AD process and a residue- 
based pyrolysis process. 

The innovation of this study is the optimisation of the anaerobic 
digestion of seaweed through biochar induced DIET and the proposition 
of a model for an integrated AD-Py process for co-production of 
advanced biofuels in the form of biomethane and bio-oil. The detailed 
objectives are to:  

(1) Evaluate the feasibility of using biochar as a replacement for 
graphene to enhance biomethane production via DIET in AD;  

(2) Assess the effects of biochar addition on biomethane production 
from two brown seaweed species L. digitata and S. latissima; 

(3) Demonstrate the mass and energy balance of the cascading cir-
cular AD-Py system in terms of advanced biofuels production, 
process efficiency, and digestate valorisation. 

Table 2 
Application of graphene in batch anaerobic digestion (AD) of different 
substrates.  

AD 
feedstock 

AD 
temperature 

Optimal 
addition ratio 
of graphene 
to feedstock 

Effects on AD 
performance 

Reference 

Ethanol 35 �C 15% VS Methane yield 
increased by 25%. 
Maximum methane 
production rate 
increased by 20%. 

[36] 

Glycine 35 �C 40% VS Methane yield 
increased by 6%. 
Maximum methane 
production rate 
increased by 28%. 

[34] 

Acetate 
sodium; 
Glucose 

35 �C 6% COD Methane production 
rate increased by 
25% from acetate 
sodium and by 51% 
from glucose. 

[35] 

Ethanol 35 �C; 55 �C 27% VS Methane yield 
increased by 14% in 
mesophilic AD and 
5% in thermophilic 
AD. 
Methane production 
rates enhanced by 
25% in mesophilic 
AD and 26% in 
thermophilic AD. 

[37]  
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2. Materials and methods 

2.1. Materials 

The seaweed samples of L. digitata and S. latissima were naturally 
beach harvested in west Cork, Ireland. L. digitata was collected in May 
and S. latissima was collected in June. Seaweed samples were washed 
with tap water to remove surface impurities and subsequently cut into 
small particles of less than 4 mm in diameter as described by Tabassum 
et al. [51]. The samples were stored at � 20 �C before use. The inoculum 
used in the biomethane potential (BMP) assays was originally sourced 
from an Irish farm digester and was acclimatized in a lab-scale contin-
uous stirred tank reactor processing cellulose at 37 �C. The inoculum 
was degassed for 7 days prior to the BMP assays. 

The biochar was sourced from a local pyrolysis plant (Premier Green 
Energy) processing waste wood. Pyrolysis was conducted in a rotary kiln 
system operated at 700 �C. Approximately 7 kg biochar was produced 
per hour from 30 kg of waste wood. Syngas was concomitantly produced 
with a heating value of 15 MJ/m3. The produced biochar and syngas 
were then combusted in the plant to provide heat for the pyrolysis 
reactor. The derived biochar sample was ground and sieved to ensure a 
particle size of 75–500 μm. Graphene nanoplatelets with a particle size 
of 2 μm were purchased from Sigma Aldrich. Both the biochar and 
graphene samples were oven dried at 105 �C for 12 h before use. 

2.2. Biomethane potential assays 

Four automatic methane potential test systems (Bioprocess AMPTS 
II) were used to conduct the BMP assays using seaweed as feedstock. One 
set can accommodate 15 glass bottle reactors, each of which has a 
working volume of 400 ml and a head space of 250 ml. In total 60 glass 
bottle reactors were available in the experimental process; a total of 19 
assays in triplicate utilised 57 such reactors. 

To compare the effects of graphene and biochar on AD of L. digitata, 
26.3 g of wet L. digitata feedstock (containing 2.0 g of VS) and 308.0 g of 
inoculum (containing 4.0 g of VS) were added into each reactor (inoc-
ulum to feedstock ratio of 2:1). Then different dosages of graphene or 
biochar were added into each reactor: Group 1 to 5 contained 0.125, 
0.250, 0.500, 2.000, and 4.000 g of graphene, respectively; Group 6 to 
10 contained 0.125, 0.250, 0.500, 2.000, and 4.000 g of biochar, 
respectively. The addition ratio of graphene (or biochar) was defined as 
the mass ratio of graphene (or biochar) to the VS of seaweed. Therefore, 
the addition ratios of graphene in Group 1 to 5 were 1/16, 1/8, 1/4, 1/1, 
and 2/1, respectively. The addition ratios of biochar in Group 6 to 10 
were also 1/16, 1/8, 1/4, 1/1, 2/1, respectively. A control group of 
L. digitata (Group 11, no graphene or biochar addition) was operated 
with 26.3 g of wet L. digitata and 308.0 g of inoculum. 

To evaluate the effects of biochar on the digestion of S. latissima, 
19.8 g of wet S. latissima feedstock (containing 2.0 g of VS) and 308.0 g 
of inoculum (containing 4.0 g of VS) were added into each reactor; then 
different dosages of biochar were added: Group 12 to 16 contained 
0.125, 0.250, 0.500, 2.000, and 4.000 g biochar (equivalent to addition 
ratios of 1/16, 1/8, 1/4, 1/1, and 2/1), respectively. A control group of 
S. latissima digestion (Group 17, no graphene or biochar addition) was 
operated with 19.8 g of S. latissima and 308.0 g of inoculum. A positive 
reference group (Group 18) was operated with 2.0 g of cellulose and 
308.0 g of inoculum. A blank group (Group 19) was operated with only 
308.0 g of inoculum. A summary of the BMP experimental design can be 
found in Table S1 in the supplementary material. 

Deionized water was used to adjust the working volume in each 
reactor. After the measurement of initial pH (approximately 8.70), the 
reactors were sealed and purged with N2 to create an anaerobic envi-
ronment. Then reactors were placed in water baths to maintain a tem-
perature of 37 �C. The stirrers of all the reactors were set to switch 
between on and off every 60 s at a speed of 60 rpm. The produced biogas 
flowed through 3 M NaOH solution to remove CO2 and other impurities 

and then passed through the gas tipping devices, which automatically 
recorded the biomethane production in each reactor. The biomethane 
yield in each reactor with seaweed feedstock was corrected by the bio-
methane yield from the blank group to eliminate the carryover effect of 
the inoculum. All the BMP assays were conducted in triplicate. The 
significance of differences between BMP means was analysed by mul-
tiple comparison test (Post Hoc) using the software IBM SPSS Statistics 
v25 at a significance level of p ¼ 0.05. 

2.3. Analytical methods 

The biological composition (the content of total solid (TS), VS, and 
ash) of the seaweed samples, inoculum, and anaerobic digestate was 
analysed according to the Standard Method 2540 G [52]. The elemental 
composition was analysed on the elemental analyser (Exeter Analytical, 
CE 440 Model). The major VFAs in the AD effluents were measured on a 
gas chromatography system (Agilent 7890B, USA) equipped with a 
flame ionization detector and the DB-FFAP column (Φ 0.32 mm � 50 m). 
More details of these analytical methods have been described in the 
previous publication by the authors [53]. 

To prepare the suspension of biochar (or graphene) for pH and 
electrical conductivity measurement, a sample of 1.0 g oven dried bio-
char (or 1.0 g oven dried graphene) was dispersed into 10.0 ml of 
deionized water. The suspension samples were made in triplicate. The 
pH of the suspensions was measured using a digital pH meter (Mettler 
Toledo FiveEasy F20). The electrical conductivity of the suspensions was 
measured by a multi-parameter meter (Portable Conductivity, Salinity 
and Temperature Instrument VWR CO310). The surface morphology of 
biochar was examined on the scanning electron microscope (SEM, 
Hitachi SU8010, Japan) operated at 200 kV. The nitrogen adsorption 
isotherm of biochar was obtained on a Micrometrics ASAP 2020 analyser 
and used to determine the specific surface area via the Brunauer- 
Emmett-Teller (BET) method. The average pore diameter (d) was 
calculated by d ¼ 4V/SBET, in which V was the total pore volume ob-
tained at the last point of the isotherm and SBET was the BET specific 
surface area. The crystallinity of biochar was evaluated based on the X- 
ray diffraction (XRD) pattern in the wide range of 5–90� recorded by 
X’Pert PRO. 

2.4. Kinetic modelling 

The maximum theoretical biomethane potential of seaweed was 
calculated as per the Buswell Equation (Eq. (1)): 

CaHbOcNdþ

�
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b
4
�

c
2
þ

3
4

d
�

H2O →
�
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þ

b
8
�

c
4
�

3
8

d
�

CH4

þ

�
a
2
�

b
8
þ

c
4
þ

3
8

d
�

CO2 þ dNH3

(Eq. 1) 

The biodegradability index (BI) was defined as the ratio of SMY to 
the maximum theoretical biomethane potential. 

The modified Gompertz equation (Eq. (2)) was used to assess the 
process kinetics and predict the maximum biomethane yield (Hm, ml/g 
VS), the peak biomethane production rate (Rm, ml/g VS/d), and the lag- 
phase time (λ, d). The peak time of the fermentation process (Tm, d) was 
defined as per Eq. (3). 

H¼Hmexp
�

� exp
�

Rme
Hm
ðλ � tÞþ 1

��

(Eq. 2)  

Tm¼
Hm

Rme
þ λ (Eq. 3)  

2.5. Energy calculations 

The higher heating value (HHV) of the seaweed feedstock and the 
solid digestate was calculated according to the modified Dulong 
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Formula (Eq. (4)) [54]: 

HHV  ðMJ = kg  VSÞ¼ 0:337� Cþ 1:419�  ðH � 0:125�OÞ þ 0:023� N
(Eq. 4) 

The lower heating value (LHV) was converted from the HHV ac-
cording to Eq. (5) [55]: 

LHV  ðMJ = kg  VSÞ¼HHV � 0:212�H � 0:008� O (Eq. 5)  

in both of which C, H, O, and N refer to the weight percentage of each 
element on a VS basis. 

The standard Gibbs free energy at pH ¼ 7 (ΔG0’) for chemical re-
actions was calculated from the free energy of formation (Gf

0) of prod-
ucts and reactants (Eq. (6)) [56]. 

ΔG0’ ¼ 
X

G0
f ðproductsÞ � 

X
G0

f ðreactantsÞ  (Eq. 6)  

in which 
P

G0
f ðproductsÞ is the sum of the G0

f of products and 
P

G0
f ðreactantsÞ is  the sum of the G0

f of reactants. The free energies of 
formation (G0

f ) for the substances in this study were also adopted from 
Madigan et al. [56]. 

3. Results and discussion 

3.1. Characteristics of graphene and biochar 

The characteristics of seaweed samples and the inoculum are shown 
in Table 3. The theoretical biomethane potential of L. digitata was 
calculated as 455.8 ml/g VS and that of S. Latissima as 419.4 ml/g VS 
according to the Buswell Equation. 

The characteristics of biochar are shown in Table 4 in comparison 
with those of graphene. The pH value of the biochar suspension was in 
the range of 8.95–9.22, while the pH value of the graphene suspension 
was in the range of 4.37–5.12. The specific surface area of biochar was 
161.5 m2/g, equivalent to one third of the specific surface area of gra-
phene (500.0 m2/g). The average pore diameter of biochar was 2.5 nm. 

The SEM images shown in Fig. S1 (included in the supplementary ma-
terial) indicated the porous surface morphology of the biochar. The XRD 
pattern of the biochar powder (see Fig. S2 in the supplementary) showed 
two wide peaks at 2θ value of 25.5� and 43.3� corresponding to C (002) 
and C (100) diffraction planes, respectively, which are also typical 
diffraction peaks of graphene [57]. The diffraction peaks of biochar 
were wider, and the intensity of the peaks was lower compared to the 
diffraction peaks of graphene in the literature [57], which indicated that 
the crystallinity of biochar is lower than that of graphene. 

3.2. Effect of graphene and biochar on biomethane production from 
L. digitata 

3.2.1. Effect of graphene on biomethane production 
Seaweed harvested in different seasons presents varied organic 

compositions, leading to variations in biomethane yield [9]. L. digitata 
harvested in May resulted in relatively low biomethane yields (ranging 
from 184.0 to 263.0 ml CH4/g VS) among all the samples harvested over 
12 months [14,25]. This was ascribed to the low C:N ratio (15.0 [14] – 
16.9 [8]) and high polyphenols content (0.13% [14] – 0.18% [8]) in the 
May harvested L. digitata and high quantities of inhibitory hydrogen 
sulphide (more than 200 ppm) in the produced biogas [25]. 

Fig. 1. (a) shows biomethane yield from L. digitata with and without 
graphene addition. The BMP yield of L. digitata was 200.1 ml/g VS, 
corresponding to a BI of 44%. Such a low BI suggests that AD of raw 
L. digitata needs further optimisation to improve energy conversion ef-
ficiency. In an effort to stimulate DIET in AD, graphene and biochar were 
added to promote microbial interactions. As the dosage of graphene 
increased from 0.125 g (equivalent to an addition ratio of 1/16) to 
0.250 g (equivalent to an addition ratio of 1/8), the BMP yield from 
L. digitata presented similar values to the control group with slight de-
creases (p > 0.05). This may be possibly due to the adsorption of bio-
methane on graphene [58,59]. The optimal graphene addition ratio of 
1/4 led to the highest BMP yield of 248.8 ml/g VS, a significant increase 
of 24% (p < 0.05) compared to the control group. However, further 
increases in graphene addition ratio resulted in decreases in BMP yield. 
The lowest biomethane yield of 154.2 ml/g VS was observed at the 
graphene addition ratio of 2/1, which was 23% lower (p < 0.05) than 
that of the control group. Similar phenomenon was observed previously 
by Lin et al. [34,36,37], the results of which suggested that the optimal 
concentration of graphene for enhancing biomethane production from 
ethanol and glycine might be around 0.5–1.0 g/L. The adverse effect of 
excess graphene was ascribed to the microbial inhibition induced by 
high concentration of nanoscale particles. Tian et al. found that in 
contrast to the positive effect on short-term AD, long-term exposure of 
0.12 g/L graphene in a digester treating sludge suppressed the growth of 
dominant species (such as Methanosaeta, Lactococcus and Anaerolinea) 
and affected the methanogenesis performance afterwards [35]. Palmieri 
et al. introduced three action modes (namely cutting, wrapping and 
trapping) between nano graphene oxide and microbes, in which the 
wrapping could inhibit or even kill the methanogens by causing mem-
brane mechanical injury and oxidative stress [60]. Zhang et al. specu-
lated that wrapping did not predominate until the concentration of 
graphene oxide reached 0.1 g/L in digestion of swine manure [61]. Dong 
et al. found that nano graphene oxide significantly inhibited the meth-
anogenic process of wastewater sludge through inhibiting the relevant 
enzyme activity (coenzyme F420) [62]. The sharp edges of graphene 

Table 3 
Characteristics of the seaweed feedstock and inoculum.   

L. digitata S. latissima Inoculum 

Proximate analysis 
TS (wwt%) 9.5 � 0.3 13.8 � 0.1 2.4 � 0.0 
VS (wwt%) 7.6 � 0.3 10.1 � 0.1 1.3 � 0.0 
Ash (wwt%) 1.7 � 0.0 3.6 � 0.0 1.1 � 0.0 
Moisture (wwt%) 90.5 � 0.3 86.2 � 0.1 97.6 � 0.0 
VS/TS 0.80 0.73 0.54 
Ultimate analysis 
C (% VS) 48.0 � 0.2 46.1 � 1.8 47.8 � 0.3 
H (% VS) 6.3 � 0.0 5.9 � 0.2 5.7 � 0.0 
N (% VS) 3.1 � 0.0 2.9 � 0.1 4.5 � 0.0 
O (% VS) 42.6 � 0.2 45.1 � 2.2 42.0 � 0.3 
C:N 15.5 15.9 10.6 
Energy content 
HHV (kJ/g VS) 17.6 15.9 \ 
LHV (kJ/g VS) 15.9 14.3 \ 
Theoretical biomethane potential (ml/g 

VS) 
455.8 419.4 \ 

Note: The results of ultimate analysis were converted to a VS basis from the raw 
data. 

Table 4 
Characteristics of biochar and graphene.  

Material Specific surface area (m2/ 
g) 

Particle size 
(μm) 

pH Electrical conductivity (μS/ 
cm) 

CO2/CH4 adsorption capacity at 0.1 MPa 
(ml/g) 

Carbon content (TS 
%) 

Biochar 161.5 75–500 8.95–9.22 251.7 47.6/22.5 87.8 
Graphene 500.0a 2a 4.37–5.12 277.8 \ \  

a Data from product description of Sigma Aldrich. 
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Fig. 1. Effects of graphene addition on (a) biomethane yield and (b) biomethane production rate in anaerobic digestion of L. digitata.  

Table 5 
Kinetic analysis of L. digitata digestion with different additions of graphene.  

Graphene addition ratio Experimental data Kinetic model parameters 

BMP 
(ml/g VS) 

Peak production rate 
(ml/g VS/d) 

BI 
(%) 

Hm 

(ml/g VS) 
Rm 

(ml/g/d) 
Λ 
(d) 

Tm 

(d) 
R2 

0 200.1 � 6.3 21.8 � 0.6 44 199.8 � 1.1 22.1 � 0.6 1.5 � 0.1 4.8 � 0.1 0.996 
1/16 192.2 � 22.0 22.4 � 6.4 42 191.8 � 1.0 24.1 � 0.8 1.2 � 0.1 4.1 � 0.1 0.996 
1/8 196.5 � 18.4 25.6 � 0.9 43 196.8 � 1.0 25.5 � 0.8 0.9 � 0.1 3.8 � 0.1 0.996 
1/4 248.8 � 5.7 27.5 � 0.3 54 240.2 � 2.4 26.2 � 1.4 1.6 � 0.3 5.0 � 0.1 0.988 
1/1 220.8 � 12.8 26.3 � 2.6 48 214.6 � 2.0 23.6 � 1.2 1.8 � 0.2 5.2 � 0.1 0.990 
2/1 154.2 � 9.5 25.8 � 0.8 35 143.0 � 1.5 17.0 � 1.0 1.6 � 0.3 4.7 � 0.2 0.986 

Note: Graphene addition ratio: the mass ratio of graphene to volatile solid (VS) in L. digitata; BMP: biomethane potential; BI: biodegradability index. 
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oxide nanosheets contributed to an increase in membrane pressure, 
which might damage the structure of the cell membrane, leading to 
discharge of intracellular materials such as RNA [62]. These studies 
indicate the concern of cytotoxicity of nanomaterials, which may be a 
limiting factor when applying nanomaterials in AD. However, the 
comprehensive toxicological mechanisms have not been clearly 

addressed yet. 
Fig. 1. (b) illustrates the effects of graphene on biomethane pro-

duction rate from L. digitata. In the control group, the biomethane pro-
duction rate reached a peak of 21.8 ml/g VS/d on the third day and 
showed a second peak value of 19.8 ml/g VS/d on the eighth day. The 
addition of graphene accelerated the production of biomethane. 

Fig. 2. Effects of biochar addition on (a) biomethane yield and (b) biomethane production rate in anaerobic digestion of L. digitata.  
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Compared to the control group, a maximum increase of 26% (p < 0.05) 
was obtained at a graphene addition ratio of 1/4. Correspondingly, the 
production rate achieved the first peak value of 25.3 ml/g VS/d on the 
second day and the second peak value of 27.5 ml/g VS/d on the ninth 
day at the addition ratio of 1/4. Further increasing the addition ratio to 
2/1 decreased the peak production rate to 25.8 ml/g VS/d and delayed 
its occurrence to the third day. This indicated that excessive addition of 
graphene resulted in a reduction of biomethane production rate and an 
increase in the lag phase time. The kinetic parameters estimated by 
fitting the Gompertz model are shown in Table 5. The modelling results 
of biomethane potential and biomethane production rate accurately 
matched the experimental results with coefficients of determination 
over 0.986. The predicted values suggested that both biomethane yield 
and biomethane production rate were maximized as the addition ratio of 
graphene reached 1/4 and decreased with further increases in the gra-
phene addition ratio. The predicted lag-phase time λ and the peak time 
Tm achieved the lowest values at the graphene addition ratio of 1/8. 

3.2.2. Effect of biochar on biomethane production 
The biomethane yield and biomethane production rate from 

L. digitata with different dosages of biochar addition are shown in Fig. 2. 
Fig. 2. (a) indicated that biomethane yield was enhanced with biochar 
added at ratios ranging from 1/16 to 1/4. Fig. 2. (b) showed that the 
peak production rate was achieved one day earlier with biochar addition 
compared to the control group. The biochar addition at an optimal ratio 
of 1/4 led to the highest biomethane yield of 234.0 ml/g VS and a 
relatively high peak production rate of 28.2 ml/g VS/d, corresponding 
to a 17% increase (p < 0.05) in biomethane yield and a 29% increase (p 
< 0.05) in peak production rate compared to the control group. The 
biomethane yield with biochar added at the optimal ratio of 1/4 
exhibited no significant difference (p > 0.05) to the biomethane yield 
with graphene added at the same ratio, which may suggest an oppor-
tunity for using biochar as a cost-effective replacement of graphene to 
enhance biomethane yield through stimulating DIET. It is notable that 
biomethane yield was inhibited as the biochar addition ratio increased 
beyond 1/1. The lowest biomethane yield of 179.7 ml/g VS was ob-
tained at a biochar addition ratio of 2/1, a 10% decrease (p < 0.05) 
compared to that of the control group. Similarly, significant decreases in 
biomethane yield were observed by Li et al. [63] when biochar was 
added at 3.9 g/g TS of sludge and by Zhang et al. [64] when biochar was 
added at 0.4 g/g TS of sewage sludge. The authors attributed the inhi-
bition effect to the nonselective adsorption of nutrients and useful me-
tabolites and the destruction of the microorganism diversity caused by 
biochar [63,64]. As shown in Table 6, the predicted biomethane yield 
Hm agreed well with the experimental data with coefficients of deter-
mination of 0.996. The predicted peak production rate Rm showed slight 
differences to the experimental data. The predicted lag-phase time λ and 
the peak time Tm presented lower values when the biochar addition ratio 
was in the range of 1/16 to 1/4. 

3.2.3. Profiles of VFAs 
The variation of major VFAs during the digestion of L. digitata in the 

control group is shown in Fig. 3. (a). The VFAs accumulated to the 
highest level of 1346.7 mg/L in four days. Acetic acid and propionic acid 
were dominant compounds, which accounted for 70% and 17% of the 
total VFAs on the fourth day, respectively. From the sixth to the ninth 
day, the total amount of VFAs decreased from 1101.3 to 355.9 mg/L. 
Thereafter, the amount of VFAs gradually decreased to 38.2 mg/L. 

As shown in Fig. 3. (b), the graphene addition at a ratio of 1/4 
accelerated the accumulation of VFAs at the start-up. Graphene 
enhanced the total VFAs concentration on the second day to 1267.5 mg/ 
L, which was 31% higher than that of the control group. On the fourth 
day, the total VFAs reached the maximum concentration of 1416.9 ml/g, 
in which acetic acid and propionic acid accounted for 74% and 15%, 
respectively. This indicated that graphene addition facilitated the pro-
duction of acetic acid. 

As shown in Fig. 3 (c), with biochar added at a ratio of 1/4, the 
concentration of VFAs achieved the maximum value of 1389.1 mg/L on 
the fourth day, in which the shares of acetic acid and propionic acid 
were 70% and 15%, respectively. The addition of biochar did not change 
the composition of the major VFAs significantly compared to that of the 
control group. The concentration of total VFAs dropped to 253.9 mg/L 
on the ninth day. The addition of biochar presented no significant 
impact (p > 0.05) on the total VFAs amount during the digestion of 
L. digitata. 

The concentration of butyric acid during AD is specified in Fig. 4. (a). 
In the L. digitata control group, butyric acid accumulated slowly to 84.0 
mg/L in 21 days. Then it was degraded slowly to 38.2 mg/L after 30 
days. When graphene or biochar was added at the addition ratio of 1/4, 
the accumulation of butyric acid was significantly accelerated at the 
start-up. The butyric acid accumulated to the peak level of 120.2 mg/L 
on the ninth day with graphene addition, while it accumulated to the 
peak level of 94.9 mg/L on the fourth day with biochar addition. The 
addition of graphene and biochar accelerated acidogenesis and aceto-
genesis. In a previous study, Wang et al. concluded that biochar accel-
erated the conversion of butyrate to acetate by promoting DIET [65]. 

The concentration of propionic acid during AD is specified in Fig. 4. 
(b). Propionic acid in the control group reached 239.6 mg/L on the sixth 
day, then was gradually consumed in AD. With graphene addition at a 
ratio of 1/4, propionic acid reached the highest concentration of 216.4 
mg/L on the fourth day and decreased rapidly to 10.0 mg/L on the sixth 
day. With addition of biochar at a ratio of 1/4, the highest concentration 
of propionic acid 211.9 mg/L occurred on the fourth day. Thereafter, 
propionic acid was degraded gradually to zero on the ninth day. The 
anaerobically oxidation of butyrate and propionate to acetate through 
MIET pathway are described in R1 and R2. The energy barrier to oxidize 
propionate to acetate (ΔG0’ ¼ þ71.6 kJ/mol) is much higher as 
compared to that for butyrate (ΔG0’ ¼ þ48.3 kJ/mol), which agrees 
with the results of Wang et al. [65,66] and Amani et al. [67]. Therefore, 
the accumulation of propionic acid in the control group led to the slower 
acetogenic rate of propionic acid, consequently, a lower biomethane 
production rate. The addition of graphene and biochar alleviated the 
accumulation of propionic acid and promoted its syntrophic oxidation 
via DIET enhancement. Wang et al. explained that the VFA oxidizing 

Table 6 
Kinetic analysis of L. digitata digestion with different additions of biochar.  

Biochar addition ratio Experimental data Kinetic model parameters 

BMP 
(ml/g VS) 

Peak production rate 
(ml/g/d) 

BI 
(%) 

Hm 

(ml/g) 
Rm 

(ml/g/d) 
Λ 
(d) 

Tm 

(d) 
R2 

0 200.1 � 6.3 21.8 � 0.6 44 199.8 � 1.1 22.1 � 0.6 1.5 � 0.1 4.8 � 0.1 0.996 
1/16 211.5 � 9.7 28.5 � 1.6 46 211.2 � 1.0 25.8 � 0.7 0.8 � 0.1 3.8 � 0.1 0.996 
1/8 212.9 � 13.9 26.8 � 0.2 47 211.0 � 1.0 24.2 � 0.7 0.8 � 0.1 4.0 � 0.1 0.996 
1/4 234.0 � 2.1 28.2 � 0.8 51 232.1 � 1.3 24.7 � 0.7 0.7 � 0.1 4.2 � 0.1 0.996 
1/1 180.0 � 15.6 22.3 � 0.7 39 176.8 � 1.0 19.5 � 0.6 1.3 � 0.1 4.7 � 0.1 0.996 
2/1 179.7 � 3.0 20.5 � 0.9 39 176.8 � 1.0 20.3 � 0.6 1.4 � 0.1 4.6 � 0.1 0.996 

Note: Biochar addition ratio: the mass ratio of biochar to volatile solid (VS) in L. digitata; BMP: biomethane potential; BI: biodegradability index. 
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bacteria oxidized butyrate/propionate to acetate using graphe-
ne/biochar as the temporary electron acceptor in the inactive meta-
bolism of methanogenic archaea [65]. The oxidation of butyrate and 
propionate through DIET pathway could be simulated as R3 and R4 
[68]. The ΔG0’ for butyrate oxidation through DIET pathway was 
� 111.0 kJ/mol and ΔG0’ for propionate oxidation through DIET 
pathway was � 167.4 kJ/mol. It indicates the oxidation of propionate 
was more thermodynamically favourable than the oxidation of butyrate 

in the presence of graphene/biochar. 
MIET pathway:  

CH3CH2CH2COO� þ 2H2O ¼ 2CH3COO� þ Hþ þ 2H2 ΔG0’ ¼ þ48.3 kJ/ 
mol (R1)                                                                                               

CH3CH2COO� þ 2H2O ¼ CH3COO� þ CO2 þ 3H2 ΔG0’ ¼ þ71.6 kJ/mol 
(R2)                                                                                                    

DIET pathway:  

CH3CH2CH2COO� þ 2H2O þ Graphene/Biochar ¼ 2CH3COO� þ 5Hþ þ
Graphene4� /Biochar4-                                                                             

ΔG0’ ¼ � 111.0 kJ/mol (R3)                                                                     

CH3CH2COO� þ 2H2O þ Graphene/Biochar ¼ CH3COO� þ CO2 þ 6Hþ þ
Graphene6� /Biochar6-                                                                             

ΔG0’ ¼ � 167.4 kJ/mol (R4)                                                                    

The initial pH values of the L. digitata control group, optimal gra-
phene group, and optimal biochar group in AD were measured as 8.66 �
0.01, 8.69 � 0.02 and 8.70 � 0.02, respectively. Although the pH values 
of the graphene (4.37–5.12) and biochar (8.95–9.22) suspensions were 
different, the end pH values of the control group (7.67 � 0.05), the 
optimal graphene group (7.69 � 0.07), and the optimal biochar group 
(7.61 � 0.06) were similar (p > 0.05). Therefore, it was conceivable that 
the pH buffering capacity of biochar was not the decisive factor affecting 
biomethane production from L. digitata. 

3.3. Effect of biochar on biomethane production from S. latissima 

3.3.1. Effect of biochar on biomethane production 
The effects of biochar addition on the biomethane production from 

S. latissima are illustrated in Fig. 5. The biomethane yield from 
S. latissima control group was 265.4 ml/g VS, equivalent to a BI of 63%. 
The addition of biochar at lower ratios ranging from 1/16 to 1/4 did not 
present a significant influence (p > 0.05) on the biomethane yield. At the 
addition ratio of 1/1, biochar significantly (p < 0.05) enhanced bio-
methane yield to 308.8 ml/g VS, equivalent to a BI of 74%. Further 
increasing the biochar addition ratio to 2/1 still had a positive effect on 
improving the cumulative biomethane yield, but made little significant 
enhancement (especially considering twice the addition of biochar) as 
compared to the addition at a ratio of 1/1. The recommended pragmatic 
biochar addition ratio of 1/1 led to a 16% increase in the biomethane 
yield compared to the control group. The peak production rate was 29.0 
ml/g VS/d in the control group, and it significantly (p < 0.05) increased 
to 37.6 ml/g VS/d with the addition of biochar at a ratio of 1/1. The 
kinetic modelling predicted Hm and Rm (as shown in Table 7) showed 
close correlation with experimental data, confirming the enhancement 
by biochar addition. However, the predicted values of λ and Tm indi-
cated that biochar addition had no significant influence on the lag-phase 
time and the peak time. 

3.3.2. Profiles of VFAs 
Fig. 6. (a) presents the VFAs concentration during digestion of 

S. latissima. The total concentration of VFAs increased quickly at the 
start-up and reached the highest value of 2362.5 mg/L on the fourth day, 
with acetic acid and propionic acid accounting for 71% and 18% of the 
total VFAs, respectively. The VFAs concentration dropped from 1989.7 
mg/L on the sixth day to 637.8 mg/L on the ninth day. Consequently, the 
biomethane production rate increased from 18.6 to 28.7 ml/g VS/d. The 
VFAs concentration further decreased to 80.3 mg/L on the twelfth day 
and thereafter fluctuated at a low level to the final day. As shown in 
Fig. 6. (b), with biochar added at a ratio of 1/1, the highest VFAs con-
centration of 2567.1 mg/L was achieved on the fourth day, in which 
acetic and propionic acid accounted for 70% and 20%, respectively. The 
highest concentration of acetic acid was 1797.9 mg/L and the highest 

Fig. 3. Variations of volatile fatty acids (VFAs) during anaerobic digestion of 
L. digitata: (a) control group, (b) with graphene added at the optimal addition 
ratio of 1/4, and (c) with biochar added at the optimal addition ratio of 1/4. 
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concentration of propionic acid was 503.5 mg/L. The concentrations of 
both the acetic and propionic acids were well below their inhibitive 
concentrations which were reported to be 2500 mg/L and 800 mg/L, 
respectively [69]. The VFAs concentration remained at a high level of 
2531.1 mg/L on the sixth day and then dramatically dropped to 911.0 
mg/L on the ninth day. The rapid consumption of VFAs led to the second 

peak of biomethane production rate on the ninth day as shown in Fig. 5 
(b). The profiles of propionic and butyric acids are displayed in Fig. 7. 
Biochar addition made no significant influence on butyric acid accu-
mulation and degradation. However, it accelerated both the accumula-
tion and the degradation of propionic acid, which was beneficial for 
biomethane production. 

Fig. 4. Variations of (a) butyric acid and (b) propionic acid during anaerobic digestion of L. digitata with and without carbon additives.  
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The initial pH values of the S. latissima control group and the rec-
ommended biochar group were 8.64 � 0.01 and 8.65 � 0.01, respec-
tively. The end pH values of the control group and the recommended 
biochar group were 7.64 � 0.07 and 7.68 � 0.06, respectively. The pH 
buffering capacity of biochar did not present its influence on AD of 
S. latissima. Similar phenomenon was observed by Sunyoto et al. [70]. 

3.3.3. Potential mechanisms of biochar function in AD 
Table 8 provides a brief review of biochar application in AD, indi-

cating that biochars derived from various biomass are capable of 

enhancing biomethane production by 8%–72%. However, the optimal 
addition ratio varies significantly depending on the biochar properties 
and feedstock characteristics. In this study, the biomethane yield from 
both L. digitata and S. latissima were enhanced with suitable biochar 
additions. However, excessive addition of biochar hampered AD per-
formances. The effects of biochar on AD of straw and cow manure were 
investigated by Shen et al. [71], whose results showed that when bio-
char doses were too high, cumulative methane yields decreased in 
response to the shift of dominant archaea from Methanosaeta to Meth-
anosarcina. The adverse effects of excessive biochar were also observed 
in AD of food waste [72,73], hydrogen fermentation of municipal solid 
waste [74], and AD of citrus peel waste [75]. The decreased methane 
yield may be related to a decrease in soluble organic substrate avail-
ability due to the strong adsorption of biochar or the destruction of the 
microorganism diversity induced by biochar [62,76]. 

In this study, biochar addition increased biomethane yield from 
L. digitata by 17% which is comparable to the enhancement effect of 
graphene at the same addition ratio, though biochar and graphene differ 
in their properties. There are still arguments on how biochar properties 
relate to DIET promotion mechanisms. Some researchers reported that 
the excellent conductivity of biochar rather than the functional quinone 
moieties is the key property to promote DIET [77,78]. However, it has 
also been reported more recently that the bulk conductivity of biochar 
does not play the decisive role in enhancing AD. Carbon cloth and 
granular activated carbon could induce similar enhancement in AD 
performance, even though their conductivities were different by several 
orders of magnitude [79]. Barua et al. speculated that there may be a 
critical value for conductivity promoting AD, beyond which conduc-
tivity is no longer a limiting factor [80]. Shanmugam et al. observed that 
in the AD of glucose and aqueous phase bio-oil, biochar increased bio-
methane yield by 72%; while granular activated carbon increased the 
yield by 40% [81]. An explanation was that the redox-active moieties on 
biochar promoted the electron transfer between fermentative bacteria 
and methanogens [81]. Zhang et al. [82] also reported that the electron 
transfer through the biochar depends on the charging and discharging 
cycles of the surface functional groups. Sun et al. [41] revealed that 
kinetically preferred electron transfer by carbon matrices over the sur-
face quinone groups of biochar forms at pyrolysis temperatures higher 
than 700 �C. 

Other surface characteristics also play important roles in facilitating 
the performance of AD, such as specific surface area, porosity, surface 
functional groups, and alkalinity, which are associated with the 
adsorption of substrate induced inhibitors, the colonisation of microbial 
cells, and the pH buffering capacity. On one hand, both the larger spe-
cific surface area and smaller particle size of graphene facilitate 
improved adsorption capacity, which benefits the adsorption of in-
hibitors and biomethane production. Kizito et al. reported that biochars 
exhibited a decrease in NH3 adsorption with an increase in the particle 
size [83], but the specific surface area may not be the predominant 
factor in biochar adsorption [83,84]. On the other hand, adsorption by 
graphene and biochar is not selective; hence, it is possible that some of 
the nutrients or useful metabolites are adsorbed, which may lead to a 

Fig. 5. Effects of biochar addition on (a) biomethane yield and (b) biomethane 
production rate in anaerobic digestion of S. latissima. 

Table 7 
Kinetic analysis of S. latissima digestion with different additions of biochar.  

Biochar addition ratio Experimental data  Kinetic model parameters 

BMP 
(ml/g VS) 

Peak production rate 
(ml/g/d) 

BI 
(%) 

Hm 

(ml/g) 
Rm 

(ml/g/d) 
Λ 
(d) 

Tm 

(d) 
R2 

0 265.4 � 13.5 29.0 � 1.1 63 265.0 � 2.2 28.3 � 1.2 1.6 � 0.2 5.0 � 0.1 0.992 
1/16 263.5 � 10.3 27.6 � 1.7 63 261.9 � 1.9 27.7 � 1.1 1.5 � 0.2 5.0 � 0.1 0.994 
1/8 237.7 � 10.6 26.7 � 0.9 57 237.5 � 1.6 28.1 � 1.1 1.4 � 0.2 4.5 � 0.1 0.994 
1/4 250.2 � 10.5 27.0 � 0.6 60 249.4 � 1.9 27.8 � 1.2 1.5 � 0.2 4.8 � 0.1 0.993 
1/1 308.8 � 18.4 37.6 � 0.5 74 308.1 � 2.6 36.1 � 1.7 2.2 � 0.2 5.4 � 0.1 0.992 
2/1 323.6 � 8.2 36.6 � 0.3 77 317.6 � 2.8 32.6 � 1.4 2.2 � 0.2 5.8 � 0.1 0.992 

Note: Biochar addition ratio: the mass ratio of biochar to volatile solid (VS) in S. latissima; BMP: biomethane potential; BI: biodegradability index. 
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negative effect on AD [85]. The nano size of graphene may also cause 
negative effects on AD by leading to cytotoxicity inhibition or difficulties 
for immobilization of microbial cells. In a study by Lü et al. [86], the 
adsorption of NH3 on biochar with particle sizes ranging from 2.5 to 5 
mm, 0.5–1 mm and 75–150 μm reduced the lag-phase time by 23.9%, 
23.8%, and 5.9% and increased the CH4 production rate by 47.1%, 
23.5%, and 44.1%, respectively; it is suggested that an appropriate size 
of biochar particles should be selected to facilitate the colonisation of 
microbial cells. The interactive effects of these properties on the influ-
ence of biochar on AD are not fully understood as of yet. More knowl-
edge on the optimal range of biochar properties is required for the 
selective production of biochar with tailored properties for AD 

application. 

3.4. Perspective on a cascading circular AD-Py system 

3.4.1. Mass and energy balance of individual AD and Py system 
The mass and energy balance of a conventional AD system were 

calculated based on the BMP results in section 3.2.2 (200.1 ml CH4/g VS 
of L. digitata in the control group), characteristics of the digestate sam-
ples displayed in Table 9, and the following assumptions:  

(1) The mesophilic AD system is fed with wet L. digitata. The mass 
and energy calculations are based on per tonne of L. digitata 

Fig. 6. Variations of volatile fatty acids (VFAs) during anaerobic digestion of S. latissima: (a) control group, and (b) with biochar added at the recommended addition 
ratio of 1/1. 
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(wwt) processed. The concentration of biomethane and carbon 
dioxide in the biogas are 60% and 40%, respectively. The elec-
tricity demand in the AD system is assumed as 10 kWh/t feed-
stock [92]. The heat demand for maintaining the temperature in 
the digester is calculated as per Eq. (7) [93]: 

HIN  AD¼Cp �mLD � ðTAD �  TaÞ (Eq. 7)  

in which Cp is the specific heat capacity of water; mLD is the weight of 
wet L. digitata; and (TAD – Ta) is the difference between the tem-
perature inside the digester (37 �C) and the average ambient tem-
perature (15 �C).  
(2) The digestate is separated into liquid digestate and wet solid 

digestate by decanter centrifuge. The majority of the non-
degraded components in the digestate remains in the wet solid 
digestate after segregation, so the energy value of the liquid 
digestate is neglected [94]. The moisture content in the wet solid 
digestate is 70% [95]. The electricity consumption for digestate 
segregation is 3.5 kWh/t fresh digestate [96].  

(3) The energy value of biomethane refers to its LHV of 35.9 MJ/m3. 
The energy value of carbon dioxide is considered as zero.  

(4) The electricity and heat consumption for running the system is 
converted into primary energy consumption in a European 

Fig. 7. Variations of butyric and propionic acids during anaerobic digestion of 
S. latissima with and without biochar addition. 

Table 8 
Comparison of biochar application in batch anaerobic digestion (AD).  

Biochar source Pyrolysis 
condition 

AD feedstock AD 
temperature 

Optimal 
addition ratio 
of biochar to 
feedstock 

Effect on AD performance Highlighted biochar 
properties 

Reference 

Wheat straw; 
Fruitwood; Chicken 
manure 

350, 450, 
550 �C; 
residence 2 h 

Chicken manure 35 �C 5% TS Fruitwood biochar derived at 
550 �C increased the methane 
yield by 69%. 

Specific surface area and 
ammonia nitrogen reduction 
capacity. 

[87] 

Wood; Coconut shell; 
Rice husk 

450 �C Citrus peel waste 35 �C 100% TS Methane yield increased by 13%. Colonisation and 
immobilization of microbes; 
surface structure. 

[75] 

Pine; White oak 
pellets 

600–900 �C Sewage sludge 37 �C; 55 �C 220%–249% 
TS 

Methane yield increased by 
8–10% under mesophilic 
condition and increased by 3% 
under thermophilic condition. 

High aromaticity; cation 
exchange capacity; 
alkalinity. 

[88] 

Canola meal; Switch 
grass; Ashe juniper 

400, 500, 
600, 700, 
900 �C 

Glucose and 
aqueous phase of 
algae 
liquefaction 

37 �C 1000% COD Ashe juniper biochar derived at 
400 �C increased the methane 
yield by 71%. Switch grass 
biochar derived at 500 �C 
increased the methane yield 
by72%. 

Electrical conductivity; 
redox active moieties; 
adsorption capacity. 

[81] 

Grass Ampelodesmos 
mauritanicus 

450, 500, 
550 �C 

Cow manure and 
food waste 
digestate 

37 �C 90% TS Biogas production is faster and 
higher with biochar produced at 
higher temperatures. 

Not specified. [89] 

Rice husk; Shrub; 
Peanut shell; Straw; 
Sawdust; Coconut 
shell; Tar 

600 �C Straw and cow 
manure 

38 �C 25% TS Methane yield increased by 13% 
with coconut shell biochar. 
Excess biochar (50% TS) 
inhibited AD. 

A combination of pore 
structures, specific surface 
areas, surface functional 
group, and element 
distributions. 

[71] 

Macadamia nut shells 350, 500 �C; 
residence 2 h 

Food waste Room 
temperature 

528% COD COD removal efficiency increased 
by 15%. 

Porosity [90] 

Pine 800 �C; 
residence 8 h 

Oil 35 �C; 55 �C 333% VS Methane production increased by 
33% in granular biochar 
amended mesophilic digesters. 
Methane production increased by 
13% in powdered biochar 
amended thermophilic digesters. 

DIET [91] 

Waste wood 700 �C; 
residence 1h 

L. digitata 37 �C 25% VS Methane yield increased by 17%. 
Maximum methane production 
rate increased by 29%. 

DIET This 
study 

Waste wood 700 �C; 
residence 1h 

S. latissima 37 �C 100% VS Methane yield increased by 16%. 
Maximum methane production 
rate increased by 30%. 

DIET This 
study  
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context with primary energy conversion factors of 2.3 and 1.1 for 
electricity and heat, respectively [97].  

(5) The energy output of the AD system refers to the energy value of 
produced biomethane. The net energy gain is defined as the dif-
ference between the energy output and the primary energy con-
sumption. The AD process efficiency is defined as Eq. (8). 

Table S2 in the supplementary material presents the detailed calcu-
lations of mass and energy balance. Fig. 8 shows the mass and energy 
balance of the conventional AD system. The biomethane yield from 
1.000 t wet L. digitata processed is calculated as 15.208 m3 and the 
corresponding carbon dioxide yield is 10.138 m3. In the segregation 
process, 0.213 t wet solid digestate and 0.756 t liquid digestate are 
obtained. The energy value of the processed L. digitata is 1208.4 MJ. In 
the anaerobic digester, 546.0 MJ of energy is converted into the LHV of 
biomethane, 672.4 MJ of energy remains in the wet solid digestate. The 
electricity consumption in the AD system is 36.0 MJ, equivalent to 7% of 
the energy output in biomethane, which is consistent with the literature 
data of 7% [98] and 9% [99,100]. The heat consumption in the AD 
system is 92.0 MJ, equivalent to 17% of the energy output in bio-
methane, which is higher than the literature data ranging from 7% 
[100], 8% [98], to 11% [99]. The higher ratio of heat demand was 
ascribed to the higher moisture content in L. digitata and lower bio-
methane production compared to other feedstocks. Dave et al. also ob-
tained a high heat consumption of 13% of total energy output in 
biomethane when using L. digitata as feedstock [101]. The electricity 
consumed for digestate segregation is 12.2 MJ. The total primary energy 
consumption of the AD system is 223.3 MJ. Therefore, the net energy 
gain of processing 1.000 t wet L. digitata is 322.7 MJ. The energy output 
of this individual AD system is 546.0 MJ, resulting in a process efficiency 
of 38.1%. The relatively low process efficiency in this study is due to the 
low degradability of L. digitata harvested in May. Use of renewable en-
ergy would reduce the primary energy factor of electricity from 2.3 to 
1.0 and generate higher process efficiency. Of more relevance to this 
analysis however is the relativity between AD and the AD-PY system. 

The individual Py system is fed with forest residue which is not 
suitable for biodegradation in AD due to its rigid lignocellulosic struc-

Table 9 
Characteristics of the digestates from anaerobic digestion of L. digitata with and 
without biochar addition.   

Digestate from L. digitata 
control group 

Digestate from L. digitata with biochar 
added at a ratio of 1/4 

Proximate analysis 
TS (wwt%) 2.1 � 0.3 2.2 � 0.0 
VS (wwt%) 1.2 � 0.3 1.3 � 0.0 
Ash (wwt%) 1.0 � 0.0 1.0 � 0.0 
Moisture 

(wwt%) 
97.9 � 0.3 97.6 � 0.0 

VS/TS 0.57 0.59 
Ultimate analysis 
C (% VS) 49.0 � 0.1 56.7 � 0.7 
H (% VS) 5.6 � 0.0 5.3 � 0.1 
N (% VS) 4.3 � 0.1 3.2 � 0.2 
O (% VS) 41.1 � 0.0 34.7 � 1.0 
C:N 11.4 17.7 
Energy content 
HHV (kJ/g 

VS) 
17.3 20.6 

LHV (kJ/g 
VS) 

15.8 19.2 

Note: The results of ultimate analysis were converted to a VS basis from the raw 
data. 

Fig. 8. Simplified (a) mass and (b) energy balance for anaerobic digestion of L. digitata.  

ηAD¼
Energy value of biomethane

Energy value of the input L:digitata þ Primary energy consumption to run the system
(Eq. 8)   
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ture. The basic layout for a fluidizing-bed Py system processing forest 
residue at 500 �C for bio-oil, biochar and syngas production is designed 
from the available data in the work of Onarheim et al. [102]. The mass 
and energy balance of this Py system were analysed based on the 
following literature data and assumptions:  

(1) The moisture content in the forest residue is 50% and reduces to 
8% after the drying process [102]. The mass yield of bio-oil, 
biochar, and syngas based on the dry matter of forest residue 
(8% moisture) are 66.7%, 22.2%, and 11.1%, respectively [102], 
which agrees well with other studies [99,103–105]. The LHV of 
the obtained bio-oil (on an organic phase basis), biochar, and 

syngas are 20.4 MJ/kg, 29.2 MJ/kg, and 10.3 MJ/kg, respec-
tively, which are calculated according to Eq. (5) based on the 
reported elemental composition of the products [102].  

(2) Electricity input for pre-treating forest residue (such as powering 
the pumps, compressors, feedstock grinding, and the belt dryer) is 
0.5 MJ/kg dry matter [102]. Heat demand for drying the forest 
residue and for heating the pyrolysis reactor is 4.0 and 2.0 MJ/kg 
dry matter, respectively [102].  

(3) The produced biochar and syngas are burnt to generate heat, 
which is used for drying the forest residue and reheating the 
heating medium circulated to the pyrolysis reactor. The heat ef-
ficiency of the combustor is assumed as 90%. As the heat demand 
for running the system can be self-sustained by the heat produced 
from biochar and syngas combustion, the primary energy con-
sumption of the Py system contains only grid electricity con-
sumption for forest residue pre-treatment.  

(4) Other parameters such as the mass flow of air in the combustor, 
mass flow of heating medium circulating between the combustor 
and the pyrolysis reactor, and the mass flow of exhaust gas are 
adapted from the work of Onarheim et al. [102].  

(5) The energy output of the Py system includes the surplus heat 
produced from combustion in excess of self-consumption and the 
energy value of bio-oil. The process efficiency is defined as per 
Eq. (9).    

Table S3 in the supplementary material presents the detailed calcu-
lations. Fig. 9 shows the mass and energy balance of the Py system. The 
mass and energy calculations are based on processing 1.254 t forest 
residue with an energy value of 10659.0 MJ. This feeding parameter is 
determined in the design of cascading AD-Py system in section 3.4.2. 
The production of bio-oil, biochar, and syngas is calculated as 0.455, 
0.151, and 0.076 t, respectively. The energy value of bio-oil is 6491.3 
MJ. The obtained syngas and biochar are burnt to produce 4677.4 MJ of 
heat. In excess of the heat consumption for drying forest residue (2726.1 
MJ) and heating the pyrolysis reactor (1363.0 MJ), the combustion of 
syngas and biochar generates significant surplus heat of 588.2 MJ which 
could be sold to the public via a district heating grid. The energy output 
of the Py system is 7133.9 MJ including the energy value of bio-oil and 
surplus heat. The electricity consumed for forest residue pre-treatment is 
340.7 MJ, leading to a total primary energy consumption of 783.8 MJ. 
Therefore, the net energy gain in the Py system is 6361.2 MJ, resulting in 
a process efficiency of 62.4%. This result is consistent with the research 

Fig. 9. Simplified (a) mass and (b) energy balance for pyrolysis of forest residue.  

ηAD¼
ðSurplus heat � 90%Þ þ Energy value of bio � oil

Energy value of forest residue þ Primary energy consumption of the Py system
(Eq. 9)   
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of Onarheim et al., in which a process efficiency of 55.8% was obtained 
without consideration of surplus heat output [102]. Salman et al. re-
ported a much higher process efficiency of 75% for stand-alone pyrolysis 
as the electricity and heat consumption were not converted into primary 
energy consumption in the calculation [99]. 

3.4.2. Mass and energy balance of integrated AD-Py system 
As mentioned previously, surplus heat is produced in an individual 

Py system. Based on the individual AD and Py system, an integrated AD- 
Py system is proposed, in which the surplus heat is used in the AD system 
for heating the digester and drying the solid digestate. The dried 
digestate is pyrolyzed together with the forest residue to produce more 
bio-oil, biochar, and syngas. The pyrolysis of solid digestate can 

contribute to not only the generation of value-added biofuels but also 
the reduction in the cost and greenhouse gas emissions associated with 
digestate management. Biochar produced in the Py system is added into 
the anaerobic digester to enhance biomethane production. A pre-
liminary mass and energy balance were drawn to assess the benefits of 
integrating AD and Py systems based on the following assumptions:  

(1) The calculations are based on treating 1.000 t wet L. digitata in 
the AD system. Biochar produced in the Py system is added into 
the digester at a mass ratio to the VS in L. digitata of 25%. 

(2) The heat requirement for drying wet solid digestate (70% mois-
ture content) includes the heat required to increase the temper-
ature of digestate from 25 �C to 100 �C and the heat required for 

Fig. 10. Simplified (a) mass and (b) energy balance for the cascading circular anaerobic digestion and pyrolysis system.  
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water evaporation [106]. The electricity required for digestate 
pelletizing is 150 kWh/t dried solid digestate [98].  

(3) To cover all the heat demand in the AD-Py system by burning 
syngas and surplus biochar (in excess of the biochar added into 
the digester), on a per tonne basis of L. digitata at least 1.254 t 
forest residue is needed to feed the Py system together with the 
dried solid digestate (0.078 t). The yield of bio-oil, biochar, and 
syngas from forest residue remains as the yield in the individual 
Py process. The yield of bio-oil, biochar, and syngas from dried 
digestate is 58.4%, 32.8%, and 8.8% on a dry matter basis, 
respectively [98].  

(4) The LHV of the digestate derived bio-oil and syngas is 22.1 MJ/kg 
and 12.5 MJ/kg, respectively [98]. The LHV of digestate derived 
biochar is not specified in the same paper [98] but has been re-
ported in a range of 21.8–27.1 MJ/kg [107–114]. These values 
are lower compared to that of the forest residue derived biochar 
due to the higher ash content in the digestate. As the character-
istics of biochar produced from seaweed digestate are not avail-
able in the literature, the LHV of digestate derived biochar is 
modelled as 24.5 MJ/kg according to Ref. [113,114], in which 
the digestates showed elemental distributions similar to the L. 
digitata digestate in this study. 

Table S4 in the supplementary material presents the detailed calcu-
lations of the overall integrated system. Fig. 10 shows the mass and 
energy balance of the integrated AD-Py system. Due to the addition of 
biochar, the biomethane and carbon dioxide yields from 1.000 t 
L. digitata are improved to 17.784 and 11.856 m3, respectively. In the 
segregation process, 0.259 t wet solid digestate and 0.723 t liquid 
digestate are obtained. The yield of bio-oil, biochar, and syngas is 0.500, 
0.177, and 0.082 t, respectively. The energy value of bio-oil is 7043.5 
MJ. The syngas and surplus biochar are burnt to produce 4829.3 MJ of 
heat, which can fully cover the heat demand in the integrated AD-Py 
system for drying the digestate and forest residue and heating the 
digester and pyrolysis reactor. The energy output of the AD-Py system is 
7682.1 MJ including the energy value of output biomethane, bio-oil, and 
surplus heat from combustion. The total electricity consumption for 
biogas production, digestate segregation, digestate pelletizing, and for-
est residue pre-treatment is 431.8 MJ, leading to a total primary energy 
consumption of 993.2 MJ. Therefore, the net energy gain in the AD-Py 
system is 6688.8 MJ. The process efficiency is 59.7%, which is lower 
than that of the individual Py system (62.4%) but much higher than the 
efficiency of the individual AD system (38.1%). 

The integrated AD-Py system leads to an increase of 17% in bio-
methane yield and an increase of 10% in bio-oil production compared to 
the individual AD and Py systems. The net energy gain is slightly 
improved by 0.1%, despite the additional energy requirement for pro-
cessing digestate. Wet solid digestate (accounting for 26% of the 
digestate mass) from AD is valorised in the Py system, which could 
significantly reduce the arable land requirement for digestate spread, 
the cost for digestate transportation/storage, and the greenhouse gas 
emissions associated with land application. Monlau et al. reported that 
the syngas and bio-oil produced in pyrolysis of digestate could increase 
the electricity production of the AD plant by 42%, even though the 
biomethane production did not change [98]. Salman et al. [100] 
demonstrated an approximate 7% increase in the efficiency of a com-
bined AD-Py process by assuming a 5% increase in methane content as a 
result of biochar addition into the digester. With consideration of both 
the pyrolysis of digestate and the effect of biochar addition on AD, the 
enhancement in biomethane and bio-oil production is more encouraging 
in the cascading circular AD-Py system proposed in this study. It should 
be noted that these cited studies did not take into account the primary 
energy factors for electricity and heat, which means that the energy 
calculations were not conducted on a unified primary energy baseline. In 
this study, the energy consumption was converted into primary energy 
consumption with factors of 2.3 and 1.1 for electricity and heat, 

respectively, which in essence led to higher values of total primary en-
ergy consumption. If renewable electricity such as from wind, wave, and 
solar could be used in this integrated AD-Py system, the process effi-
ciency would be significantly improved as the primary energy factor for 
renewable electricity is 1.0. 

3.4.3. Future research on expansion of integrated technologies 
This study demonstrated the benefits of the integration of AD and 

pyrolysis. However, it may have some constraints or sub-optimal oper-
ation, such as unutilised CO2 from the AD system and uncertainty in 
economic, environmental, and social costs. From the technical 
perspective, the production of biochar with tailored properties for DIET 
enhancement in AD, alternative utilisation of biochar as a soil amend-
ment for carbon sequestration, and the development of further tech-
nology integration (including biomethanation via the biological 
Sabatier reaction or photosynthetic micro-algae biogas upgrading 
[115]), offer potential opportunities for further enhanced energy pro-
duction efficiency and enabling a negative emission technology system. 
From the policy perspective, comprehensive life cycle analysis and 
techno-economic assessment of the integrated system are necessary to 
demonstrate the environmental/economic sustainability and identify 
the bottlenecks in commercialisation. From the industry perspective, a 
multi-objective optimisation of the operational strategy including for 
resource allocation and logistics required to maximize profit and carbon 
sustainability of the entire supply chain from the resource to the market 
is necessary [116,117]. 

4. Conclusions 

This study demonstrated that biochar could significantly enhance 
biomethane yield in AD of seaweed. In digestion of L. digitata, biochar 
addition at an optimal ratio of 1/4 enhanced biomethane yield by 17% 
and peak production rate by 29%, which are comparable to the effects of 
graphene. Similarly, the recommended biochar addition in digestion of 
S. latissima led to a 16% increase in biomethane yield and a 30% increase 
in peak production rate. Based on the experimental results, a cascading 
circular AD-Py system was proposed by integrating the AD system pro-
cessing L. digitata and the Py system processing forest residue. A pre-
liminary mass and energy balance analysis indicated that to self-sustain 
all the heat demand in the AD-Py system by burning syngas and surplus 
biochar (in excess of the biochar added into the digester), pyrolysis of at 
least 1.254 t forest residue together with 0.078 t dried solid digestate is 
needed based on 1.000 t L. digitata processed in AD. The process inte-
gration increased biomethane yield by 17% and bio-oil yield by 10%. 
Meanwhile, a reduction of 26% in the digestate mass flow could be 
achieved, which may enable significant reductions in arable land 
requirement, transport cost, and greenhouse gas emissions associated 
with digestate application. 
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