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Journal of Environmental Management

Title: Waste Valorization using Solid Phase Microbial Fuel Cells (SMFCs): Recent Trends and Status

Authors: Mochamad A Budihardjo, Ph.D.; Syafrudin Syafrudin, Prof.; Agus J Effendi, Ph.D.; Syarif Hidayat, Ph.D.;
Candra Purnawan, M.Sc.; Fadel | Muhammad, B.Sc.; Bimastyaji Surya Ramadan, M.Sc

Dear Dr. Budihardjo,

The PDF for your submission, "Wagle Valorization usmg Solid Phase Microbial Fuel Cells (SMFCs): Recent Trends
and Status mmmm dy - Please view the submission before approving it, to be
certain that it is free of any errors. f?you ave alread 'approved the PDF of your submission, this e-mail can be
ignored.

To approve the PDF please login to the Elsevier Editorial System as an Author:

https://ees.elsevier.com/jema/
Your username is: m.budhardje@ft.undip.ac.id

Then click on the folder 'Submissions Waiting for Author's Approval' to view and approve the PDF of your submission.
You may need to click on 'Action Links' to expand your Action Links menu.

You will also need to confirm that you have read and agree with the Elsevier Ethics in Publishing statement before the
submission process can be completed. Once all of the above steps are done, you will receive an e-mail confirming
receipt of your submission from the Editorial Office. For further information or if you have trouble completing these
steps please go to: http://help.elsevier.com/appfanswers/detailfa_id/88/p/7923.

Please note that you are required to ensure everything appears appropriately in PDF and no change can be made
after approving a submission. If you have any trouble with the generated PDF or completing these steps please go to:
http://help.elsevier.com/app/answers/detail/a_id/88/p/7923.

Your submission will be given a reference number once an Editor has been assigned to handle it.

Thank you for your time and patience.
Kind regards,

Editorial Office

Journal of Environmental Management

For further assistance, please visit our customer support site at hitp://help_elsevier.com/app/answers/iist/p/7923. Here
you can search for solutions on a range of topics, find answers to frequently asked questions and learn more about
EES via interactive tutorials. You will also find our 24/7 support contact details should you need any further assistance
from one of our customer support representatives.
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*** Automated email sent by the system ***

Ms. Ref. No.: JEMA-D-19-06689

Title: Waste Valorization using Solid Phase Microbial Fuel Cells (SMFCs): Recent Trends and Status

Journal of Environmental Management

Dear Dr. Budihardjo,

Thank you very much for submitting the above-referenced manuscript to the Joumnal of Environmental Management.
We will contact you with a decisicn as soon as possible.

Your submission has been assigned the following manuscript number: JEMA-D-19-06689

You may check on the progress of your paper by logging on to the Elsevier Editorial System as an author. The URL is
https://ees elsevier.com/jemar.

Your username is: m_budihardjo@ft.undip.ac.id
If you need to refrieve password details, please go to: htip://ees.elsevier.com/JENMA/automail_guery.asp

Kind regards,

Journal of Environmental Management

For further assistance, please visit our customer support site at hitp://help.elsevier.com/app/answers/list/p/7923. Here
you can search for solutions on a range of topics, find answers to frequently asked questions and learn more about
EES via interactive tutorials. You will alse find our 24/7 support contact details should you need any further assistance
from one of our customer support representatives.
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Decision of the first version of the manuscript: Major revision

ﬁ Faukty of Engineering MOCHAMAD ARIEF BUDIHARDJO <m.budihardjo@ft.undip.ac.id>

Manuscript JEMA-D-19-06689

3 messages

Jason Evans <eesserver@eesmail elsevier.com= Maon, Jan 27, 2020 at 10:08 PM
Reply-To: Jason Evans <jevans.phd@gmail.com>

To: m.budihardjo@ft.undip.ac.id

Cc: alessandra.polettini@uniroma it, jevans.phd@gmail.com

Ms. Ref No.: JEMA-D-19-06689
Title: Waste Valorization using Solid Phase Microbial Fuel Cells (SMFCs): Recent Trends and Status
Journal of Environmental Management

Dear Dr. Budihardjo,

Following this message are the reviews of the above-referenced manuscript. We'll be glad to consider this paper for
publication after it's been revised substantially in accordance with the reviewers' comments.

Due to space limitations in the printed joumal, we are requesting that all authors reduce the length of their papers by
at least 10% if possible. If your paper includes large tables or datasets, it is preferred that these be published as
supplementary material in Science Direct rather than in print. Further information is provided at the end of this
message.

With the revised manuscript, please provide a detailed response to the reviewers' comments, indicating how each
comment is addressed in the revised manuscript. If you disagree with any of the reviewers' comments, please
address them in a rebuttal.

To submit a revision, please go to https://ees elsevier.com/jema/ and login as an Author.
Your username is: m.budhardjo@ft.undip.ac.id
If you need to refrieve password details, please go to: http://fees elsevier.com/JENMA/automail_query.asp

NOTE: Upon submitting your revised manuscript, please upload the source files for your article. For additional details
regarding acceptable file formats, please refer to the Guide for Authors at: http://www.elsevier. com/journals/journal-of-
environmental-management/0301-4797 /guide-for-authors

When submitting your revised paper, we ask that you include the following items:
Manuscript and Figure Source Files (mandatory)

We cannot accommodate PDF manuscript files for production purposes. We also ask that when submitting your
revision you follow the journal formatting guidelines. Figures and tables may be embedded within the source file for
the submission as long as they are of sufficient resolution for Production. For any figure that cannot be embedded
within the source file (such as ".PSD Photoshop files), the original figure needs o be uploaded separately. Refer to
the Guide for Authors for additional information.
hitp://www.elsevier.com/journalsfjournal-of-environmental-management/0301-4787/guide-for-authors

Highlights (mandatory)

Highlights consist of a short collection of bullet points that convey the core findings of the article and should be
submitted in a separate file in the online submission system. Please use 'Highlights' in the file name and include 3 to
5 bullet points (maximum 85 characters, including spaces, per bullet point). See the following website for more
information

http:/fwww elsevier.com/highlights

Graphical Abstract (optional)

Graphical Abstracts should summarize the contents of the article in a concise, pictorial form designed to capture the
attention of a wide readership online. Refer to the following website for more information: hitp://www elsevier.com/
graphicalabstracts

On your Main Menu page is a folder entitled "Submissions Needing Revision". You will find your submission record
there.
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Please note that this journal offers a new, free service called AudioSlides: brief, webcast-style presentations that are
shown next to published articles on ScienceDirect (see also http://www.elsevier com/audioslides). If your paper is
accepted for publication, you will automatically receive an invitation to create an AudioSlides presentation.

Journal of Environmental Management features the Interactive Plot Viewer, see: http //www.elsevier.com/
interactiveplots. Interactive Plots provide easy access to the data behind plots. To include one with your article,
please prepare a .csv file with your plot data and test it online at htip://authortools elsevier com/interactiveplots/
verification before submission as supplementary material.

PLEASE NOTE: The journal would like to enrich online articles by visualising and providing geographical details
descrbed in Journal of Environmental Management articles. For this purpose, corresponding KML (GoogleMaps) files
can be uploaded in our online submission system. Submiited KML files will be published with your online article on
ScienceDirect. Elsevier will generate maps from the KML files and include them in the online article.

The revised version of your submission is due by 03-12-2020.
MethodsX file (aptional)

If you have customized (a) research method(s) for the project presented in your Journal of Environmental
Management article, you are invited to submit this part of your work as MethodsX article alongside your revised
research article. MethodsX is an independent journal that publishes the work you have done to develop research
methods to your specific needs or setting, This is an opportunity to get full credit for the time and money you may
have spent on developing research methods, and to increase the visibility and impact of your work.

How does it work?

1)  Fillin the MethodsX article template: hitps://www.elseviercom/MethodsX-template

2)  Place all MethodsX files (including graphical abstract, figures and other relevant files) into a .zip file and upload
this as a 'Method Details (MethodsX) ' item alongside your revised Journal of Environmental Management
manuscript. Please ensure all of your relevant MethodsX documents are zipped into a single file.

3) If your Journal of Environmental Management research article is accepted, your MethodsX article will
automatically be transferred to MethodsX, where it will be reviewed and published as a separate article upon
acceptance. MethodsX is a fully Open Access joumnal, the publication fee is only 520 US$.

Questions? Please contact the MethodsX team at methodsx@elsevier.com. Example MethodsX articles can be
found here: htip://www.sciencedirect.com/science/joumal/221501861

Include interactive data visualizations in your publication and let your readers interact and engage more closely with
your research. Follow the instructions here: hitps./lwww. eisevier.com/authors/author-services/data-visualization to
find out about available data visualization options and how to include them with your article.

MethodsX file (optional)

We invite you to submit a method article alongside your research article. This is an opportunity to get full credit for the
time and money you have spent on developing research methods, and to increase the visibility and impact of your
work. If your research article is accepted, your method article will be automatically transferred over to the open
access journal, MethodsX, where it will be editorially reviewed and published as a separate method article upon
acceptance. Both articles will be linked on ScienceDirect. Please use the MethodsX template available here when
preparing your article: https://'www.elsevier.com/MethodsX-template. Open access fees apply.

Yours sincerely,

Alessandra Polettini, Prof.

Associate Editor

Journal of Environmental Management
Data in Brief (optional):

We invite you to convert your supplementary data (or a part of it) into an additional journal publication in Data in Brief,
a multi-disciplinary open access joumnal. Data in Brief articles are a fantastic way to describe supplementary data and
associated metadata, or full raw datasets deposited in an external repository, which are otherwise unnoticed. A Data
in Brief article (which will be reviewed, formatted, indexed, and given a DOI) will make your data easier to find,
reproduce, and cite.

You can submit to Data in Brief via the Journal of Environmental Management submission system when you upload
your revised Journal of Environmenial Management manuscript. To do so, complete the template and follow the co-
submission instructions found here: www.elsevier.com/dib-template. If your Journal of Environmental Management
manuscript is accepted, your Data in Brief submission will automatically be transfemred to Data in Brief for editorial
review and publication.

Please note: an open access Article Publication Charge (APC) is payable by the author or research funder to cover
the costs associated with publication in Data in Brief and ensure your data article is immediately and permanently free



to access by all. For the curent APC see: www.elsevier.com/journals/data-in-brief/2352-3409/open-access-joumal

Please contact the Data in Brief editorial office at dib-me@elsevier.com or visit the Data in Brief homepage
(www.journals elsevier.com/data-in-brief/) if you have questions or need further information.

While submitting the revised manuscript, please double check the author names provided in the submission so that
authorship related changes are made in the revision stage. If your manuscript is accepted, any authorship change will
involve approval from co-authors and respective editor handling the submission and this may cause a significant
delay in publishing your manuscript.

P.S. Elsevier now accepts electronic supplementary material to support and enhance your scientific research.
Supplementary files offer the author additional possibilities to publish supporting applications, movies, animation
sequences, high-resolution images, background datasets, sound clips and more. Supplementary files supplied will be
published online alongside the electronic version of your article on Science Direct at http://lwww sciencedirect com . In
order to ensure that your submitted material is directly usable, please ensure that data are provided in one of our
recommended file formats. Authors should submit the material in electronic format together with the article and supply
a concise and descriptive caption for each file. For more detailed instructions please visit our artwork instruction
pages at the Author Gateway at hitp://authors. elsevier.com/anwork.

ear authors, on the basis of the review reports received and having examined the manuscript myseff, the manuscript
topic is relevant for the journal. However, in its present form the manuscript fails to provide a critical assessment and
comparative discussion of the matter. This is very crifical for review papers, if they are intended to provide a useful
scientific contribution to the knowledge in the field. | therefore invite you to submit a revised version of the manuscript,
taking in due consideration all such issues, as indicated in further detail in the reviewers' reports. When preparing the
revisions, please make sure to: 1) provide a "Response to reviewers" document in which a detailed point-by-point
response to the comments/questions received is included and the related changes made to the text are clearly
reported; 2) clearly highlight in the revised text all the changes made to the original version (you may preferably use
the "Track changes” tool in MS Word, or

highlight the new text using a different colour and mark deletions with strikethrough font). It is recommended that the
"Response to reviewers” document is arranged to include a table containing (in separate columns) the original
reviewers' questions/comments, the related motivated response, and the revised text in the manuscript

Please be advised that, once received, the manuscript will be subjected to another round of reviews to judge whether
all the required changes will have been adequately incorporated in the revised version.

Reviewer #1: The paper presents a review on the recent frends for the exploitation of solid organic waste in Microbial
Fuel Cells (MFCs).

The topic is of greatinterest for the community, but the following enhancements are mandatory, before the final
acceptance:

1) The English language is not always very clear and some typos are found in the text. The Authors are encouraged
to let a native English speaker review the language;

2) The quality of the Figures must be improved: the Figures grabbed from other papers should be vectorial (eps of
pdi), in order not to let them appear rasterized (such as Fig. 2, for example);

3) Many recent works on the exploitation of solid waste are not included in the review. Please expand the scientific
background and the pertinent literature references cited

; #2: The article is written quite well, but on a popular topic with an imposing amount of articles on the
||terarure therefore from my point of view the authors have to bring out the originality of this wark and revise the
English.

The abstract is very short and it does not summarize the arﬁcle, without at‘tracting the readers on the focus of the
article.

The authors are kindly exhort to revise the introduction, going in the deep of the arguments, raising the value of the
review.

Please. in all the article use just number to enumerate chapters and paragraphs (1.1 - 1.2 - etc.)
Chapter 2 is written quite well with a clear explanation of the situation.

Chapter 3 is well explained but the authors are kindly exhort to increase this part, explaining and increasing the main
arguments of the review. Moreover, the authors have to delay paragraphs 3.5 and chapter 4 because they are out of
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fopic.

From my point of view, it is brilliant in chapter 5 the part about the comparison between AD and MFC, please increase
this part making a comparison also with other technologies (composting, incinerator, etc.) adding also percentages of
transformation and mass balances.

The conclusion is too short, the authors do not draw the sum up of the article, please revise it.

] The authors reviewed some progress in solid phase microbial fuel cells. However, the contents of the
review are not very detailed and lack of effective introduction and discussion. The detailed comments and
suggestions are given below.

1. P8, "Fundamental Process of Solid Phase MFC", solid waste was used as substrate in SMFC, it was different of
the traditional MFC with wastewater, the author should indicate the type of solid waste, sludge? soil? Why didn't the
author contain sediment microbial fuel cell, which belongs to solid phase MFC.

2. P11, "Materials that are widely used are graphite fiber brush, carbon cloth, graphite rod, carbon paper”,
references should be cited.

3. P11, "Radical oxygen produced in the anode chamber (equation (2))", But the authors give in equation 2 is
hydrogen. What's mare, this reaction does not occur in the anode, where the organic matter is oxidized to produce
protons and electrons.

4. P12, "The absence of separator or PEM in SMFCs can cause pH splitting. namely an increase in pH in the
cathode chamber and an extreme decrease in pH in the anode chamber." This phenomenon should be more serious
in the presence of separator or PEM, not in the absence of a membrane.

5. P12, "which have a distance between electrodes of 5 cm"”, the distance was 5cm, why?

6. P12, Table 1 maximum power density was based on the projected area? Or specific surface area of electrode?
It should be compared under the same calculation method.

7. P19, "Substrates or materials used as organic sources for SMFCs can use various types of waste that contain
high cellulose”. Some waste, such as soil and sludge, didnot contains high cellulose, and waste should contain high
organic matter.

8. P20, equation 2, How to derive? And it should become equation 3

9. P27, "Rice plants are used because of their abundance at the location of the study”, references should be cited.
10. The biggest limitation in SMFC is the slow substrate mass transfer rate. The author's review does not well
discuss this aspectin this paper.

T T e

For further assistance, please visit our customer suppor site at hitp./help.elsevier.com/app/answers/listip/7923. Here
you can search for solutions on a range of topics, find answers to frequently asked questions and learn more about
EES via interactive tutorials. You will also find our 24/7 support contact details should you need any further assistance
from one of our customer support representatives.
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Response to reviewer comment of the first version of the manuscript

*Response 10 Reviewers

Response to Reviewers Questions / Comments

No | Reviewers Questions /

Comments

Response

Revised Text in the Manuscripd

| Additional Changes owisid

& Reviewer Commenis

| Additional author

We add “Ayudya
Lzzan Dvah Lantasi™
as author since she
helped us to revise
some editor comments

Avudya lzzati Dyah Lantasi

Master of Environmental Sciences,
School of Postgraduate Studies,
Universitas Diponegoro, Semarang
50241, Indonesia

Editor

Dhe to space limitations in
the printed journal, we are
requesting that all authors
reduce the length of their
papers by at least 10% i
possible. If your paper
includes large tables or
darasers, it is preferned thar
these be published as
supplementary material in
Science Direct rather than
in prit,

Do vou mean we have
to reduce the length of
our papers by the
words / up o 8,000
words? Or by the
pages which is up 10
32 pages? As per
editor request, we
have reduced the
words to be 8051
including references

LB~ ]

in its present form the
manuseript fails w provide
a critical assessment and
comparative discussion of
the matter. This is very
critical for review papers,
if they are intended to
provide & wseful scientific
contribution 1o the

| knowledge in the field.

Thank you for vour
comment, we increase
the critical assessment
as per reviewer
suggestion




Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

Reviewer #1

3 The English language is We have already Revised texts for grammar correction
not always very clear and | made a substantial are marked by blue color in the
some typos are found in revision for correcting | manuscript
the text. The Authors are the English written
encouraged to let a native | structure by the help
English speaker review the | of international
language proofreader. The

revisions and editing
certificate are
attached.

4 | The quality of the Figures | We redraw and All figures have been improved and
must be improved: the redesign all of the figure 3 and 5 have been removed.
Figures grabbed from figures to ensure and
other papers should be improve the figure
vectorial (eps of pdf), in quality
order not to let them
appear rasterized (such as
Fig. 2, for example)

5 Many recent works on the | We added some Assi, A, Bilo, F., Zanoletti, A, Ponti,

exploitation of solid waste
are not included in the
review. Please expand the
scientific background and
the pertinent literature
references cited

recent works on the
exploitation of solid
waste and expand the
scientific background
through a discussion
in MFCs comparation
and integration with
other solid waste
processing
technologies such as
anaerobic digestion
and aerobic
composting

J., Valsesia, A., Spina, R.L.,
Zacco, A., Bontempi, E., 2020.
Journal of Cleaner Production
245, 118779.

Barik, S., Paul, K K., 2017. Potential
reuse of kitchen food waste.
Journal of Environmental
Chemical Engineering 5, 196-
204.

Bemstad, A., la Cour Jansen, J., 2012.
Review of comparative LCAs of
food waste management systems
— Current status and potential
improvements. Waste
Management 32, 2439 — 2455,

Chu, Z., Fan, X_, Wang, W_, Huang,
W. 2019. Quantitative evaluation
of heavy metals’ pollution




Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

hazards and estimation of heavy
metals’ environmental costs in
leachate during food waste
composting. Waste Management
84, 119-128.

Li, D., Shi, Y., Gao, F., Yang, L.,
Kehoe, D.K., Romeral, L.,
Gun’ko, Y.K., Lyons, M.G.,
Wang, 1.J., Mullarkey, D.,
Shvets, 1.V., Xiao, L., 2020
Characterising and control of
ammonia emission in microbial
fuel cells. Chemical Engineering
Journal 389, 124462.

Quezada, B.C., Delia, M.L., Bergel,
A, 2010. Testing various food-
industry wastes for electricity
production in microbial fuel cell.
Bioresource Technology 101,
2748-2754.

Rincon, C.A., Guardia, A.D., Couvert,
A., Roux, S.L., Soutrel, I,
Daumoin, M., Benoist, J.C.,
2019. Chemical and odor
characterization of gas emissions
released during composting of
solid wastes and digestates

Santos, L.A.d., Valenca, R.B., Silva,
L.C.S.d., Holanda, SH.d.B.,
Silva, AF.V.d., Juca, JFT.,
Santos, A.F.M.S., 2020. Methane
generation potential through
anaerobic digestion of fruit waste.
Journal of Cleaner Production
256, 120389

Song, Y., Xiao, L., Jayamani, 1., He,
Z., Cupples, A M, 2015. A novel
method to characterize bacterial

10




Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

communities affected by carbon
source and electricity generation
in microbial fuel cells using
stable isotope probing and
[lumina sequencing. Journal of
Microbiological Methods 108, 4-
11.

Smith, M.M., and Aber, I.D., 2018.
Energy recovery from
commercial-scale composting as
a novel waste management
strategy. Applied Energy 211,
194-199.

Song, Y., Xiao, L., Jayamani, 1., He,
Z., Cupples, A M., 2015. A novel
method to characterize bacterial
communities affected by carbon
source and electricity generation
in microbial fuel cells using
stable isotope probing and
[lumina sequencing. Journal of
Microbiological Methods 108, 4-
11.

Velis, C.A., Longhurst, P.J., Drew,
G.H_, Smith, R_, Pollard, S.J.T.,
2009. Biodrying for mechanical-
biological treatment of wastes: A
review of process science and
engineering. Bioresource
Technology 2009, 2747-2761.

Xiao, L. He, Z., 2014. Applications
and perspectives of phototrophic
microorganisms for electricity
generation from organic
compounds in microbial fuel
cells. Renewable and Sustainable
Energy Reviews 32, 550-559.

Reviewer #2

11




No | Reviewers Questions / Response Revised Text in the Manuscript
Comments
6 The article is written quite | We have already Revised texts are marked by underline
well, but on a popular made a substantial and red (additional sentences) + blue
topic with an imposing revision for correcting | color (grammar and structure) in the
amount of articles on the the English written manuscript
literature, therefore from structure by the help
my point of view the of international
authors have to bring out | proofreader. The
the originality of this work | revisions and editing
and revise the English. certificate are
attached.
7 | The abstract is very short | As per reviewer The critical factors affecting SMFCs
and it does not summarize | suggestion, we add performance is the efficiency of
the article, without more words and electron and proton transfer through
attracting the readers on outline the discussion | solid media. However, this limitation
the focus of the article. part in the abstract may be overcome by electrode system
enhancement and regular substrate
mixing. In the other hand, the
integration of SMFCs with other
conventional solid waste treatment
could produce sustainable green
energy. Although SMFCs produce
relatively small energy than other
waste to energy treatment (around 6 to
18 times to achieve the same energy
output as combustion process), SMFCs
is still quite promising to achieve zero
emission treatment. Therefore, this
article is expected to address the
challenges and also fill the gaps in
SMFCs research and development
8 The authors are kindly We reconstructed The increasing of municipal solid

exhort to revise the
introduction, going in the
deep of the arguments,
raising the value of the
review.

again the introduction
as reviewer
suggestion

“Various studies were
conducted. ... Because
of the different roles

waste generation is an issue faced by
almost all countries in the world, due
to an increase in industrial activity and
global development. In developing
countries, almost 90% of municipal
waste is transported to landfills
directly without any intermediate

12




Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

of each
microorganism in
degrading the
substrate.” is removed
because we think that
this paragraph is part
of discussion. And we
moved some
sentences into chapter
8.

treatment that can reduce the volume
of solid waste (Barik and Paul, 2017).
This waste management activity even
contributes to greenhouse gas
emissions by 5% compared to total
world greenhouse gas emissions.
Recycling, effective waste treatment
and source-segregation are the main
strategies in reducing emissions and
environmental impacts due to
increased waste generation (Florio et
al., 2019). Waste is considered to still
have a large enough energy content, so
waste to energy is one of the
alternatives that is considered (Chiu et
al., 2016). Composting and anaerobic
digestion are biological treatment
technologies that have been used and
explored massively in various
countries (Yu etal., 2015; Xin et al_,
2018). However, conventional
composting under aerobic condition
requires more energy for mixing and
air supply and may produce a huge
amount of leachate (Chu et al., 2019).
Anaerobic composting which is
commonly known as anaerobic
digestion can be an alternative solution
for converting solid waste into
reusable energy and biofuel (Khudzari
et al., 2016). Many recent works
revealed that anaerobic digestion has
many constraints such as long
residence time, relatively low
purification of biomethane and its
conversion to electricity, and many
safety issues which make this
technology cannot be a perfect

13




No

Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

solution for zero discharge treatment
(Xin et al., 2018).

Recently, microbial fuel cells (MFCs)
is found as an alternative treatment for
generating electricity from waste
(waste valorization) without
intermediate treatment as anaerobic
digestion does by utilizing electrogenic
(anodophilic) microorganisms (Xin et
al., 2018). Bioelectric energy of MFCs
is depending on the electron transfer
process and biodegradation efficiency
of solid waste (Song et al., 2015).
Many researchers use the terms of
solid phase MFCs (SMFCs / SPMFCs)
(Logrono et al., 2015; Wang et al.,
2015; Mohan et al., 2011) and a few of
them use the terms of compost MFCs
(cMFCs) (Khudzari et al., 2016) and
biogas slurry MFCs (BSMFCs) (Wang
etal., 2019a) to name MFCs which
converting solid waste into electricity.

9 Please, in all the article use | As per reviewer 2.1. Process in the Anode
just number to enumerate | suggestion, some sub | 2.2. Process in the Cathode
chapters and paragraphs chapters are changed | 2.3. PEM/Distance Between Anode
(1.1-12-etc.) to number and Cathode

10 | Chapter 2 is written quite | Thank you for your -
well with a clear comment
explanation of the
situation.

11 | Chapter 3 is well Thank you for your The biggest limitation of microbial

explained but the authors
are kindly exhort to
increase this part,
explaining and increasing
the main arguments of the
review. Moreover, the

comment, we deleted
subsection 3.5 and
chapter 4. We also
added some
discussion in the
chapter 3, in the

process in solid phase ecosystem is
substrate / mass transfer rate
(Rahimnejad et al., 2011). Transfer
resistance would be higher since the
absence of sufficient solution
homogenized the distribution of
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authors have to delay
paragraphs 3.5 and chapter
4 because they are out of
topic.

substrate sub section
as other reviewer
request.

substrate to microorganism and also
the electrons to electrode. Reducing
electrode distance may increase the
rate of electron transfer, but some
other problems occur such as the
increasing of oxygen penetration and
active surface electrode which lead to
the decreasing power output (Sharma
and Li, 2010). Water content is the
other critical point to note when
working with SMFCs. Ideally, 60% of
distributed moisture will make the
process occur in a good condition
(Wang et al., 2015). As many SMFCs
reactor working in gravitational
direction of electrodes, anode chamber
will be flooded and exceeded 60% of
moisture content soon after the process
is working. The use of Xanthan 80 SF
can significantly improve the
performance of the SMFCs reactor
because the nature of Xanthan 80 SF is
able to maintain moisture in the
compost and prevent the effects of
gravity so that water does not
accumulate at the bottom of the
reactor. Therefore, cathode chamber
will dry and decrease the proton
transfer rate which make a lower
power production. In this case,
drainage and circulation system may
be useful for maintaining the power
production. This finding is expected
because the moisture in the compost is
reduced, which in turn inhibits the
compost decomposition process and
decreases the microbial activity,
thereby inhibiting ion transfer and
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energy production. These results
indicate that the use of Xanthan 80 SF
can increase the amount of electricity
generated and extend the period of
electrical energy release (Wang et al.,
2017; Samudro et al., 2018). Li et al.
(2019) tried to solve the transfer rate
problem by using biochar amendment
in soil which has limited water
content. Biochar could increase
electron transfer rate and kinetics
because of the presence of
electroactive surface. The addition of
biochar also can support microbial
colonization and increase the rate of
biodegradation process. Therefore,
knowing the optimization of biochar
mass that will be used is important
since biochar may decrease the
electrical conductivity because of its
ability to adsorb ions in soils.

12

From my point of view, it
is brilliant in chapter 5 the
part about the comparison
between AD and MFC,
please increase this part
making a comparison also
with other technologies
(composting, incinerator,
etc.) adding also
percentages of
transformation and mass
balances.

Thank you for your
comment, we add
more discussion in
this part and renew
the title to be
“Integration of
SMFCs with Other
Solid Waste
Treatment” We
cannot find the
percentages of
transformation, but
we added more
explanation about
potential system and
energy balances if
SMEFCs is applied

Solid phase microbial fuel cells
(SMFCs) seems to have many
potentials when compare to other solid
waste treatment. This technology only
needs relatively small energy input for
supporting chemical reaction in
cathode. Moreover, air-cathode MFCs
does not need a supply oxygen since it
is provided by its system
configuration. SMFCs produce a less
sludge as an anaerobic power
generation system and convert organic
matter into direct electricity and
biohydrogen. The processed organic
matter could be a mature compost and
fertilizer. The used electrode could be
a soil conditioner, to increase the
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fertility of soil. It is also producing a
less emissions such as CH4, CO2,
NH3, N20. The same characteristics
can be seen in the anaerobic digestion
which has the same processing stage as
SMEFCs. Aerobic composting needs a
lot of energy for aeration and mixing
and only produce compost with
excessive amount of leachate. This
type of composting also produces a
significant amount of odor and VOC
which interfere the environment.
While incineration has many benefits
for treating solid waste, it also
generates dioxin and furan (especially
when is working with plastic-based
material), CO2 and N20O. If the
incineration is not controlled properly,
the emission and byproduct (fly and
bottom ash / slag) may harmful for the
environment.

Table 2 Comparison of SMFCs with
other conventional solid waste
treatment

Typically, energy generated from
MFCs treating food and organic waste
(in the form of liquid fraction /
hydrolysate) is around 0.28 — 0.78
MlJ/kg COD (Xin et al., 2018; Xiao
and He, 2014). The total energy can be
higher until reached 2.48 MJ/kg COD
when MFCs is fed by anaerobic
sewage sludge and 3.52 MJ/kg COD
by food waste hydrolysate (Wang et
al., 2013b; Xin et al., 2019). That
energy values are promising,
especially when it is compared with
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other waste to energy (WtE)
technology such as incineration which
can provide energy values ranging
from 3.60 MJ/kg to 4.96 MJ/kg of
food waste (Carmona-Cabello et al.,
2018). However, the condition will be
more challenging when SMFCs is
implemented to process the solid
fraction of municipal waste. The
electricity generation from solid phase
MFCs is relatively small, amounted of
0.072 MJ/kg of food waste as reported
by Mogsud et al. (2014). This is
related to its mass transfer limitation
which resulted to the low electricity
generation of SMFCs. Therefore, those
values are still in a laboratory scale
which is still in doubt that the process
efficiency will be much lower than a
pilot or even industrial scale. This
limitation might be solved by
integrating other waste processing
technologies.

Xin et al. (2018) showed that the
amount of electric power generated by
MFCs is greater than by anaerobic
digester (AD). This finding can be
attributed to the fact that the AD
process requires a longer residence
time than the MFCs technology,
thereby affecting the size of the reactor
used. The MFCs reactor can be 5.5
times smaller than the AD reactor. The
MFCs application is considered to be
more practical, more environmentally
friendly, and more economically
feasible in terms of electricity
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conversion and production costs than
AD. The MFCs is expected to become
a solution for processing food waste
that ensures the rapid recovery of
resources and electricity sources by
not producing any other waste.
Strengthening Xin et al. (2018)
proposed scheme, Antonopoulou et al.
(2019) also proposed a food waste
management system, using an
integrated biochemical process. Food
waste is grinded and heated (as waste
pre-processing system) then
carbonaceous COD is extracted to
produce two fractions of product,
liquid and solid fraction. The liquid
fraction is processed using MFCs
continuously and the solid fraction is
processed using anaerobic digester.
This scheme is considered to be
applied in pilot scale because it
produces more energy recovery value
of 12.32 MJ/kg of total solids (TS), or
almost comparable to the maximum
net calorific value using various types
of combustion, amounting to 18.09 -
18.38 MlJ/kg TS. The total energy
produced from MFCs and anaerobic
digester are still positive, especially to
cover the pre-processing energy needs
of 8 MJ/kg TS (Antonopoulou et al.,
2019; Wang et al., 2013b; Xin et al,,
2018). This energy balance can still be
reduced if it uses cheap and energy-
friendly drying technology such as
bio-drying or low-cost decanters to
reduce the excessive amount of water
content in the food waste (Velis et al ,
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2009). In case of integration with
acrobic composting, the leachate can
be processed using MFCs for further
substrate conversion. The generated
energy could be used as self-
supporting system for aerating the
compost pile. In other hand, MFCs
itself can be directly treat the organic
fraction of solid waste without the help
of anaerobic and aerobic composting.
However, this option is not feasible
since the energy generated is lower
and need further investigation to
enhance the productivity of electricity.
Figure 3 shows the proposed
mechanism for integrating other solid
waste treatment with SMFCs.

Figure 3. SMFCs and other solid waste
treatment achieving sustainable energy
production adapted from
Antonopoulou et al. (2019) and Xin et
al. (2018)

The conclusion is too
short, the authors do not
draw the sum up of the
article, please revise it.

We add some
sentences in the
conclusion

SMFCs are an alternative technology
of generating electricity that is
environmentally friendly and
sustainable. Various studies have been
conducted to determine the optimum
configuration of the MFC reactor and
its development potential to generate
electrical energy. The various factors
that affect the performance of SMFC
reactors, such as substrates, electrodes,
microorganisms involved, and reactor
configuration, need to be further
investigated. The presence of separator
and electrode distance used in the
SMEFC reactor are important to
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determine since it is related to the
electron and proton transfer. Mass
transfer process is also important in a
solid phase, ensuring the
microorganism can breakdown the
substrate properly. Therefore, this
limitation may be further studied, and
finding the best configuration system
may enhanced the electricity generated
by the SMFCs. Integrating this
technology with other solid waste
processing system could be possible
and reliable, since SMFCs itself has
many limitation. The proposed system
is combining the preprocessing
system, anaerobic digestion,
composting, and also SMFCs in a
sequential system. After solid waste
processed by using pretreatment
technology, solid waste is sending to
composter, both in anaerobic or
aerobic composting system. Then, the
leachate, slurry or hydrolysate from
the process may be treated by using
SMFCs. The direct electricity can be
used as alternative energy sources for
other treatment needs. SMFCs also
could be used as a single solid waste
treatment, but the efficiency may be
lower than the proposed system
instead and not feasible for field
application.

Reviewer #3

The authors reviewed
some progress in solid

phase microbial fuel cells.

However, the contents of
the review are not very

Thank vou for your
comment, we add
some discussion in the
mass transfer
limitation and also the

The increasing of municipal solid
waste generation is an issue faced by
almost all countries in the world, due
to an increase in industrial activity and
global development. In developing
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detailed and lack of
effective introduction and
discussion.

possible integration
with anaerobic
digestion

countries, almost 90% of municipal
waste is transported to landfills
directly without any intermediate
treatment that can reduce the volume
of solid waste (Barik and Paul, 2017).
This waste management activity even
contributes to greenhouse gas
emissions by 5% compared to total
world greenhouse gas emissions.
Recycling, effective waste treatment
and source-segregation are the main
strategies in reducing emissions and
environmental impacts due to
increased waste generation (Florio et
al., 2019). Waste is considered to still
have a large enough energy content, so
waste to energy is one of the
alternatives that is considered (Chiu et
al., 2016). Composting and anaerobic
digestion are alternative biological
treatment technologies that have been
used and explored massively in
various countries (Yu et al., 2015; Xin
et al., 2018). However, conventional
composting under aerobic condition
requires more energy for mixing and
air supply and may produce a huge
amount of leachate (Chu et al., 2019).
Anaerobic composting which
commonly stated as anaerobic
digestion can be an alternative solution
for converting solid waste into
reusable energy and biofuel (Khudzari
et al., 2016). Many recent works
revealed that anaerobic digestion has
many constraints such as long
residence time, relatively low
purification of biomethane and its
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conversion to electricity, and many
safety issues which make this
technology cannot be a perfect
solution for zero discharge treatment
(Xin et al., 2018).

Recently, microbial fuel cells (MFCs)
is found as an alternative treatment for
generating electricity from waste
(waste valorization) without
intermediate treatment as anaerobic
digestion does by utilizing electrogenic
(anodophilic) microorganisms (Xin et
al., 2018). Bioelectric energy of MFCs
is depending on the electron transfer
process and biodegradation efficiency
of solid waste (Song et al., 2015).
Many researchers use the terms of
solid phase MFCs (SMFCs / SPMFCs)
(Logrono et al., 2015; Wang et al.,
2015; Mohan et al., 2011) and a few of
them use the terms of compost MFCs
(¢cMFCs) (Khudzari et al., 2016) and
biogas slurry MFCs (BSMFCs) (Wang
etal., 2019) to name MFCs which
converting solid waste into electricity.

15

P8, "Fundamental Process
of Solid Phase MFC",
solid waste was used as
substrate in SMFC, it was
different of the traditional
MFC with wastewater, the
author should indicate the
type of solid waste,
sludge? so0il? Why didn't
the author contain
sediment microbial fuel
cell, which belongs to

We make a boundary
to make the review
more acceptable: the
fundamental process
of MFCs treated
waste which is
processed in solid
(moisture content
below 80%) and
slurry phase. Sludge
and soil
contamination are not
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solid phase MFC. studied deeply in this

paper and the term
would be
“remediation” if we
also discussed about
that.

16 | P11, "Materials that are Thank you for your Materials that are widely used are
widely used are graphite comment, we already | graphite carbon in different shapes,
fiber brush, carbon cloth, add the citation for it. | including: fiber brush, cloth, rod,
graphite rod, carbon paper, and felt because they have a
paper", references should high conductivity and a large surface
be cited. area (Cercado-Quezada et al_, 2010;

Ghasemi et al., 2013; Li et al., 2019;
Sharma and Li, 2010; Xin et al., 2019).

17 | P11, "Radical oxygen Thank you for your -
produced in the anode comment, we rermove
chamber (equation (2))", the equation because
But the authors give in it is not relevant and
equation 2 is hydrogen. not validated by the
What's more, this reaction | authors.
does not occur in the
anode, where the organic
matter is oxidized to
produce protons and
electrons.

18 | P12, "The absence of Yes, we agreed with The presence of a separator or PEM in

separator or PEM in
SMFCs can cause pH
splitting, namely an
increase in pH in the
cathode chamber and an
extreme decrease in pH in
the anode chamber." This
phenomenon should be
more serious in the
presence of separator or
PEM, not in the absence of
a membrane.

your suggestion. As
we can find it in many
recent literatures,

SMFCs can cause pH splitting, that is,
an increase in pH in the cathode
chamber and a decrease in pH in the
anode chamber (Rahimnejad et al.,
2015)
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19 | P12, "which have a Because the authors in | The distance between the electrodes in
distance between that research think a single-chamber SMFCs can also
electrodes of 5 cm", the that the electrode affect the amount of electrical energy
distance was Scm, why? should be located in generated (Miran et al., 2016; Oh et

the middle of the al., 2010; Mohan et al., 2010).
reactor, and they Sandwiched electrodes producing the
compared the lowest electrical power output
configuration compared to a system which have a
efficiency with distance between the electrodes. The
sandwhiched- shorter the distance of electrodes
electrode and PEM (assuming the electrode is located in
the middle of the reactor) could
However, we produce greater electricity because of
removed the sentences | the active surface area ensures a high
and changed it to electrical gradient since protons can
make a clear move to the cathode easily (Mohan
explanation about the | and Chandrasekhar, 2011). Therefore,
distance of electrode. | the distance of electrodes can
The paragraph is significantly reduce the electricity
moved to section 3.2. | since the protons need to move further
to the cathode. This condition means
that determining the optimal distance
is essential when working with single
chamber SMFCs. Even though the
distance between the electrodes must
be kept small, sandwiched electrodes
and PEM can increase the likelihood
of substrate transfer from the anode to
the cathode and oxygen transfer from
the air to the cathode (Hassan et al.,
2014; Palanisamy et al., 2019;
Peighambardoust et al., 2010).
20 | P12, Table 1,maximum Because each research | All of changes are stated in Table 1

power density was based
on the projected area? Or
specific surface area of
electrode? It should be
compared under the same

has different
characteristic and
treatment, we added
the explanation in
each treatment
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calculation method.

21 | P19, "Substrates or As per reviewer Substrates or materials used as organic
materials used as organic | suggestion, we sources for SMFCs can use various
sources for SMFCs can replace the words types of wastes that contain high
use various types of waste | ‘cellulose’ to ‘organic | organic matter
that contain high matter’
cellulose". Some waste,
such as soil and sludge,
didnot contains high
cellulose, and waste
should contain high
organic matter.

22 | P20, equation 2, How to As you may see in the | This equation has been removed.
derive? And it should paper entitled
become equation 3 “Determination of

The Specific Energy
of Mixed Waste
Decomposition in
Compost Solid Phase
Microbial Fuel Cells
(CSMEFCs)” The
authors were deriving
the equation by their
experiments. In this
case, we think that the
equation cannot be
applied in other case,
so we decide to
remove the equation

23 | P27, "Rice plants are used | As per other reviewer | This sentence has been removed.
because of their abundance | suggestion, the plant-
at the location of the MFCs part has been
study", references should | removed.
be cited.

24 | The biggest limitation in As per reviewer The biggest limitation of microbial

SMFC is the slow
substrate mass transfer
rate. The author's review

suggestion, we make
additional discussion
in the “3.1. Substrate”

process in solid phase ecosystem is
substrate / mass transfer rate
(Rahimnejad et al., 2011). Transfer
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does not well discuss this | subsection resistance would be higher since the

aspect in this paper.

absence of sufficient solution that
transfer the substrate to microorganism
and also the electrons to electrode.
Reducing electrode distance may
increase the rate of electron transfer,
but some other problems occur such as
the increasing of oxygen penetration
and active surface electrode which
lead to the decreasing power output
(Sharma and Li, 2010). Water content
is the other critical point to note when
working with SMFCs. Ideally, 60% of
distributed moisture will make the
process oceur in a good condition
(Wang et al., 2015). As many SMFCs
reactor working in gravitational
direction of electrodes, anode chamber
will be flooded and exceeded 60% of
moisture content very soon after the
process is working. Therefore, cathode
chamber will dry and decrease the
proton transfer rate which make a
lower power production. In this case,
drainage and circulation system may
be useful for maintaining the power
production (Wang et al., 2017;
Samudro et al., 2018). Li et al. (2019)
tried to solve this problem by using
biochar amendment in soil which has
limited water content. Biochar could
increase electron transfer rate and
kinetics because of the presence of
electroactive surface. The addition of
biochar also can support microbial
colonization and increase the rate of
biodegradation process. Therefore,
knowing the optimization of biochar
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mass that will be used is important
since biochar may decrease the
electrical conductivity because of its
ability to adsorb ions in soils.
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Abstract

This review article discusses the use of solid waste processed in solid phase microbial fuel cells

{SMFCs) as electrical enerpy source. MFCs are usually operated in the ligud phase because of
the ease of the ion transfer process m hgwid media Nevertheless. some researchers say that the
potential for MFECs in the solid phase (particularly for tresting solid waste) is also guite

promising if several important factors, such as the type and amount of substrate. microorganism

community, system configuration, tvpe and number of electrodes, are optimized, thereby

mcreasing the amount of electricity generated. The critical factors affecting SMFCs performance

15 the efficiency of electron and proton transfer throush solid media, However. this limitation

hand, the integration of SMFCs with other conventional solid waste treatment could produce

sustainable green eneroy. Althoush SMFCs produce relatively small enersy than other waste to

energy treatment (around & to 18 times to achieve the same enercy output as combustion

article is expected 1o address the challenges and also fill the gaps in SMFCs research and

development This-review article-ds the-use of solid waste processed in-micrabial fuel vells
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1._Introduction

The inereasing of municipal sohid waste generation is an issue faced by almost all countries in

the world. due to an increase in industnal activity and plobal development. In developing

countries. almost 90% of municipal waste 15 transported 1o landfills directly without any

mtermediate treatment that can reduce the volume of solid waste (Barik and Paul. 2017), This

total world preenhouse gas emissions Recveling effective waste trestment and source-

seoregation are the main stratepies in reducing emissions and environmental impacts due to
mcreased waste generation (Florio et al., 2019) Waste 1s considered to still have a large enough

energy content. so waste to energy 15 one of the alternatives that is considered (Chiu et al., 2016),
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Composting and anaerobic digestion are biological treatment technologies that have been used

and explored massively in various countries (Yu et al. 2015 Xin et al. 2018) However,

conventional composting under aerobic condition reguires more energy for mpung and air supply

commonly known as anaercbic digestion can be an alternative solution for converting solid

waste into reusable energy and biofuel udzari et al., 2016). Manv recent works revealed that

anaerobic digestion has many constraints such as long residence time. relatively low purification

of biomethane and its conversion to electricitv. and many safetv issues which make this

technol cannot be a perfect solution for zero discharge treatment (Xinet al, 2018}

Eecently, microbial fuel cells Cs) are—is found as an alternative treatment for

freatment as anaerobic digestion does by utiizing electrogeme (anodophilic) microorgamsms

(Xin et al.. 2018)%. Bicelectric energy of MFCs is depending on the electron transfer process and

biodegradation efficiency of solid waste (Song et al.. 2015} Manv researchers use the terms of

solid phase MFCs (SMFCs / SPMFCs) (Logrono et al, 2015; Wang et al., 2015, Mohan et al.

2011} and a few of them use the terms of compost MFCs (cMFCs) (Khudzari et al., 2016) and

biogas slurry MICs (BSMFCs) (Wang et al.. 2019a) to name MFCs which converting solid

waste into electricity. Solid—phase MECsmicrobial fuel cells (SMECSMFCs) are one of the

LECa-teehnelopy-developments in MFCs technolopy that ere-can be applied to solid waste and

are claimed to be able to accelerate the process of anaerobic waste depradation-shile stthe seme
Hirre-be-psedte, harvest electrical energy directly, and produce mature compost from fhepreeess

eleveshaulingorganic compounds (Choudhury et al., 2017, Mogsud et al., 2013, Mogsud et al.,
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2015; Pandey et al., 2016; Santoro et al., 2017). SMECSMFCs is quite profitable because it only

requires low-cost materials (Du et al,, 2007, He et al,, 2017) Besides—thei—the-sbiksMoreover

its capahility to predusegenerate electricity directly makes hsit an alternative renewable energy
SOUTE + —_attracting. considerable attention te-be-studied-and
researchedfrom researchers (Do et al, 2018; Escapa et al., 2016; Xia et al., 2018). In addition,
solid waste ‘which is used as substrate also makes SMECIMFCs ese~to be an alternative te
eversemtemethod for overcoming the problem of solid waste treatment het-s-ablebecause it uses
solid waste as a substrate to provide-s—eastesnt—at an environmentally friendly and sustainable
source of electrnicity (Gude, 2016; Yasri et al, 2019). FaismaleesThus, SMFCs are considered to
be capable of addressing multi-sectoral problems since it can be integrated with other processing

waste treatment such as gerobic composting end—or anaerobie digestion (Kadier et al., 2016;

Logan, 2009; Trapero etal, 2017, Utomo et al., 2017).

bamsk waEles—R-ths
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genus ol mi i tained-in SMECSMECS influences reactorthe

. £ hers-on-mrcrobial-fuel-cellethe

dealopsasirrep—terseat b0 Over the past Sfive years alone (2016—2020 as article in
press), 2,499 review articles—were—tound 1,193 book chapters, and 1.513 research articles en

serencediresteami-ralating to the utilization of sHerskitfizebeatsMFCs in various treatments-

were found on sciencedirect com (hevond -

wformetiontothat ohtaiped Fom Goosle Seholar Seapus—and other Sscholarly databases).

Nevertheless, s—s—euite—deffenb—te—fndfinding articles that discuss the sebd—pheseuse of

SMECSMFECs  for hesdbse—comprehensive solid waste_management is quite  difficult,
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Rahimnejad et al. (2015) esgplensexplained in detail the application of MFCs in-detadbabeustio
processes at anodes——cathodes, proton transfer processes through cation exchange membranes,

anion exchange membranes, or bipolar membranes-snd-appheations-ef 2ECa for. the production
of bichydrogen, bieelestme—bioelectneity, and biosensors, and wastewater treatment—and

biesensors-. Information about advanced developments; in the use and manufacturing process of

electrodes and MFCs membranes has also been updated by Palanisamy et al. {2019), Meanwhile.

Y b T Jocaat tho = 11— gk sl ool ‘..,g: daclala ] la. 1 .-'I'L-

Zhang et al. (2016) and Khudzan et al. (2016)- Beth-atthamusethelbersed bibliometric sty
methedmethods to measwe the extent of global research trends. research, and developments
regarding MFCs using the sScopus-detebase; and *Web of sSciences database, or specifically in
several journals, which are the main platforms thet—of repost—the—progress—et—NMFCs
e AT L ] e i e e

theers—However, es—farasto the

axthorunderstandsauthors” understanding, there has not been a single article that summarizes,
discusses, and provides a detailed description of the development of sekd—phase

MMECLALIOSME (s for treating solid waste,
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The factors that influence the optimization of the performance of the SMICSMECE reactor
perfermaree—as—mentioned previously need to be further ksessminvestigated through various

stuciesendin-depth and comprehensive researehstudies: This review article was written s-erdes

to understand and stedvanalyze the technological basics of SMECSMEC and the factors that

influence it,_csuch-as-reactor—senfiguration—type-and-amount-of-subst lectrode-material

the—potential sme=obstacles that may be encountered in the future—essse in its development
towardéewards sheindustrial commercialization—ead—treustrakzation—praeass-  Through this
article, we can Badestcollate the results of recent studies that have been esrsed-etconducted to
optimize the performance of SMECSMFCs_and its possible integration and comparation with
other technologies: as well as the various edvestages—end—improvements needed to

smprevegnhance the results of harestingoenerating electricity throushusing SMECSMECs,

42, Fundamental Process of Selid Phase MICEMECSMFC
SMECSMFCs are-is a technologyies used to predusegenerate environmentally friendly enersy

electricity from biomass ssaeby utilizing microorganisms (Garita-Meza et al,, 2018; Mikinen et
al.. 2013; Pushkar et al., 2016}, SMECSMECs sthzeemploy the bioelectrogenesis capability of
microorganisms to utilize organic compounds as electron acceptors where energy s
fermedgenerated in the process. This system sims—te—be-able—te-harvestharvests the energy
producedoenerated by these microorpanisms directly without the need te-burafor combustion
{Cabgnano et al, 2015, Minutillo et al, 2018, Nastro et al, 2017). Generally, SMFCs

configuration systems consist of two chambers. —seamebethe-cathode and anode spaseschamber.
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which separated by specific membranes. Miereoresn e s i) s seifioops

b fesH—Hr-areerebie-arede—The cathode is a speeechamber which is full of

T =]

oxygen, where protons will move toward the cathode chamber to form water molecules (Logrofio
et al, 2016a; Mogsud et al., 2013). The two electrode chambers are separated by a membrane as
a mediator capable of moving protons from the anode to the cathode, Hewingtransferring
electrons between the 2two electrodes. and inhibiting the entry of oxygen into the anode.
However, there are also SMFCs that do not use membranes and rely on the distance

Fembetween the two electrodes (Logrofio et al, 2016a; Logrofio et al, 2016b; Mohan and

Chandrasekhar, 2011). Fhe—telowins araligure | generally Hustatens—edillustrates the

processes that oceur in the setid-phase— SR ACSMEFCs.

Figure 1. Modified Hustratienillustration of Selid-phase—24ECthe SMECSMECE process

[Adapted from MNastro et al, 2017 and Logrofio et al., 2015)

Chemical energy present in the subsirate-crganic waste will be oxidized by microorganisms in
the anode chamber. Microorganisms extract the energy needed to bwld biomass through the
metabolism process efanebebssa Palanisamy et al., 2019). The effectiveness of SMFCs reactors
15 influenced by several factors, such as oxygen supply and consumption in the cathode chamber,
axidation of the substrate in the anode spasechamber, electron transfer from the anode spese

chamber to the anode surface, and FEMproton exchanpge membrane (PEM) permeabality

{Rahimnejad et al., 2015, Sharma and Li, 2010)._In other cases circuit connection is also

important to note. since it can increase the voltage output to 344.11% times greater than a single

reactor (Utomo et al., 2017).
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2.1. Process in the Anode

AmedeThe anode spase—chamber 15 an important component of SMFCs. Microorgamsms that
play a role in brealang-dewn-the-substrate disitegratiendepradation and electron production are
ettgehedattach to the elecirodes in the anode chamber. The process thettakesslaesoccurs at the

anode #s—munder anaerobic conditions. “+h dr S A g

preces-eidesradetionprosssrebthe-substratati-the-asedespese-The presence of oxygen in the

anode chamber can mhibit the generation of electricity preduetion-by microorganisms-se. Thus.

ohenrberdo-not-get-exveen—supply—In addition to the electrodes and microorganisms, there are

also substrates and mediators in the anode chamber. The general reactions that occur at the anode

are expressed as-in fellevesEquation (1=)

v Anaerobicenvivonmen: 121 s
Biodegradable orgar . CO:+ HT+ e

1

EL b L ol (P Fiaky

The microorganisms present in the anode act as catalysts capable of breaking the substrate into
simpler ekeinsmolecules. This active biocatalyst is able to oxidize the substrate and produce

electrons and protons. The resulting protons are forwarded to the cathode via the PEM-while,

37



whereas the electrons are forwarded to the external path (Antonopoulou et al., 2010; Du et al.,

2007, Ghasemi etal, 2013, Rahimnejad et al, 2015; Ralumnejad etal, 2011).

Figure 2. Working mechamsm Elestren T of electrode and separator in

{Adapted from Mohan et al., 2014)

Modification of the material used as an anode w—ebletesatluensenfluences the performance of
the S3%EESMFCs reactor. Beased-enprevtensPrevious studies: showed that the use of different

electrode materials at the anode sHpredusegenerates different amounts of electrical energy-se

that, thus. it can affect the overall performance of the SMECSMFCs reactor. Materials that are

sraphitetod, esrbonpaper, and earben-felt because they have a hich conductivity and a large

surface area (Cercado-Ouezada et al., 2010: Ghasemi et al., 2013: Li et al., 2019; Sharma and Li,

2010: Xin et al. 201972 dates:

2.2. Process in the Cathode
The cathode and anode chambers in the MFC work continuously to preduesgenerate electrical
energy that can be utilized Protons move from the anode chamber wall-meve-to the cathode

chamber through the PEM, which perfeetsrefines the electric current.

. o 2HF 4 Do, il
Hag ok -
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0, + 4H* + de= — 2H,0

—_—

Radical oxygen produced in the anode chamber (sEquation (23-wiH-meve)) moves to the cathode
chamber and forms water that spreads aton the cathode with the help of a catalyst. Equilibrium
few-can be gepemted-reached based-on the twe-equations-abevebasis of Hequations (2) and-£33
by connecting the cathode and the anode with external cable connections sffeest—heThe
performance of MFCs on the cathode 1s different from that on the anode._The concentration and
type of electron receiver, $he—availability of protons, she—performance of the catalyst, #he
electrode structure. and the-abilibrcapability of the catalyst affect the performance of the cathode.
The availability, strong oxidation potential, and dees—ret-preduss—texenontoxic end products

mekeol oxygen widely—used-nsmake it o suitable electron seceptors—Finally—inacceptor for the
cathode chamber Ssome cathodes are configured by placing one side of the cathode in direct

contact with the cathode chamber and the other side in direct contact with free air.

2.3. PEA/Disdtanee Between Anode nod CatbodeSe parator

In general, S%HCSMECs consist of anode and cathode speses—chamber separated by sreter

1 L

erthaproton exchange membrane (PEM-pretens. Biopotential that occurs

due to the metabolic activity of microorganisms and the condition of electron acceptors can

eneoursgeinduce the predustienseneration of bicelectricity in SMMECSMECs. The PEM or other

separator in SMECSMFCs, which astsas+ sradeitiento-physically separatingses the

F

cathode speee—and the—anode spsesschamber, also asts—te—preverstprevents the transfer of
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dissolved oxypgen contained in the cathode chamber to the anode chamber so that the anaerobic
conditions in the anode spasechamber can be maintained SepessessT he separators or PEM can
facilitate the transfer of protons produced n the anode chamber without the transfer of substrate
and oxygen to the cathode chamber. ¥WhatThe following may oceur when the PEM 15 not used in
SMECSMFCs—nemely.  the displacement of oxygen and substrate can result in
ealumbledecreased coulombic efficiency (CE) and deersased-microorganism activity, which in

turn has an smpeeteifect on #esthe performance of the reactor and stability of the system

bbb b = L e o e

R I T, PR | Erurebae: R tha—saihadi tathe aaade R ab gl 2014
e e e e b
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3. Factors Affecting 88M¥ECsthe Performance_of SMECSMFCs
Electricity generated fFrem-sehdbiCsby SMECSMFCs is influenced by various factors, such as

electrode material and he=type of membrane used, salinity and alkalinity, type of waste, and

composting factors, such as pH: and C/N ratio. Based-en
by—Mogsud et al. (20133=) stated that SMFCs with a_good performance has g_low internal
resistance and g high electromotive force. Table 1 shows some of the optimizations that have

been made to increase the amount of electricity preductonwusing sobd phase —MMECscenerated
by SMECSMFCs.

Table 1 Recent studies related to improvement of MFCs performances treating solid wastesTable

-Recent Studies-Related to-Enl Bokid-Phase MECs Pert the dmprovement ol the

3.1 Substrate
Substrates or materials used as organic sources for SMECSMFCs can use various types of wastes
that contain high orgame matter— such as Fypes—etkitchen saste-and bamboo wastes—ased—as

SMECSMIC chaw o diffarent trand The voltage generated by kitchen waste rapidly increases
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in the initial phase ireressesrapidb-therand pradually isbecomes constant at the voltage of 620

mV. Conversely, in bamboo waste, the voltage generated gracdually increases to 540 mV. This

finding is expected because these—sresome fruits tasmnein kitchen waste contain large

amounts of glucose—rtatehenswaste- An adequate supply of glucose mekesactivates bacteria
beceme-aetive-and produces a higher voltage—TFhe-use-of waste-orsolid-waste-is-considered-te-be
¢ (Mogsud et al., 2014). Themmaterial

bt hesf-lUtomo et al. (2017) suseds sludge origimating from a communal waste
treatment plant that has a different age H—wasThey observed that the stress generated at the
anode with fresh sludge material has a higher value than thethat with stored sludge material.

Arstadreendustad-by-Xin et al. (2019) +e-Fnd-eutdetermine the effect of the sempesnd-complex
compound (glucose, sodium acetate. and food waste hvdrolysate) used in MFC on the production

ol elerrizal energy—sthaobiree e s e paa sl i el st
and-focd waste hydrobeasate. The eleetreity¢lectrical density produced by the MFC reactor with
a food waste hydrolyzsate substrate shewas higher resulis-eampared-tethan that with glucose and

sodium acetate. Wang et al. (2013a) obtamed a higher power output using different substrates.

With an adequate supply of glucose. complex substrates rich in monosaccharides, organic acids.

and other micro-molecules can be directly utilized as SMFCs substrates so that bacteria become

more active and generate higher stresses (Pant et al.. 2010: Wane et al. 2019a) Smilar results
were obtained by Jia et al. (2013) and Li et al (2018 wheeh—states, that js, SMHECSMEFCS can

produce greatera larcer amount of energy with substrates in the form of mixed carbon rather

eompared-tethan single type of sised-carbon.
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In different studies, biogas slurry is used as a substrate for MFC (BS-MFC). Biogas slurry as
waste from biogas technology that has been widely applied is considered to cause new problems,
Biogas slurry 1s rich in monoesaccharides, organic acids, and other micro-molecules that can be
directly utilized as MFC substrates (Pant et al, 2010; Wang et al, 2019a). The sesults of
electrical-measurements—preonducted-in-the-study—of Wang et al. (2019a) showed-found that
microbial acclimation was achieved on the 10" day at 150.4 + 14.6 mV, The second cyele. which
was esrred-sstconducted with the addition of substrates, showed a voltage of 622.7 £ 303 mV
on the 240" day, indicating that biofilms hadwere formed at the anode. The accumulation of
electrical voltage in these 3three cveles sesubasmareaches its maximum_value and is stable for a
sufficiently long period of time, However, the BS-MFC hydrolysis reaction and the long

operational period lead to a higher level of energy demand and a lower average eowlumbie

effistensy-{CE} production of 4.1% (Wang et al.. 2019a).

In addition to the type of waste or organic solid waste used, the degree of alkalinity (Mogsud et
al., 2013) and the amount of waste used as-a substrate also determine the amount of electrical
energy that can be harvestedgenerated (Samudro et al, 2018). Large amounts of waste can
provide substrates and nutrients for microorganisms that will increase specific energy. Beased
aThe addition of alkaline materals can also increase the electrical power preduesd-byoutput of

SEAECSMECs, The addition of fly ash,_for example roduced a

maximum electric power per cathode surface area of 54.4 mW/m®. This value is two times
greater than that of seld MECSMECSMEC: without added fly ash (Mogsud et al, 2013). In

different studies, rice husk. sovbean residue. coffee residue. and leaves were used as substrate,

The choice of substrate is based on the nature of each substrate that s rich i cellulose and
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biopolymers and is an ideal source of organic matter and the abundance of substrates. Rice husk

can increase hvdraulic conductivity and poresity on SMFCs reactors. Therefore. substrate

composition can affect the community of microorganisms that grow at the anode. as well as the

output of electrical energy (Wang et al., 2015).

Another composting factor that is considered to affect seectasthe performance of the reactor is
the water content in the sekdMECSMECSMECs material used. The power density produced
Femby the sehd 2SO SMECS reactor 15 measured to be highes in the substrate, which has
a highes water content-es-swelt The maximum measured power density is 17.74 mW/m? with a
water content of 60%, with 4four times the stissas-mixing frequency, and a C/N ratio of 3001, &
theThe same study—it-was-feund showed that the range of water content that allows the reactor to

operate at its optimum is 40-%5 to 60%. ir-aretherAnother study—t—wassteted showed that the

wleal water content eenditonsfor SRECSMEC serewas 6004, meanwhile, at 48%a water

content_of 40%, the fermentation process and microorganism activity were inhibited {Wang et

al., 2013a; Wang et al, 2017). Before the research sswas conducted, #ss—impertant-to-lmow i
acvanee-the macro- and microChEk-nutrient content, G/ ratio, and water content te—be-able
were determined in advance to ensure that the process of keseestrsoenerating electrical energy
and making compost runssrsas optimally (Ganjar et al.. 2018; Wang et al.. 2015). The C/N ratio
of sbstrate-whiekrretasete-31 -1, water content of 602%, and pH areundof 6——8 are known to

haveensure optimum  performance—TFhis—ndieates, indicating that SMECSMFCs can be

integrated into st se—Additionthe composting process. The addition of bio-
enzymes to the substrate increases the power density by up to 8.5 times and can redusedecrease

the internal resistance by 31% (Wang et al., 2015, Wang et al, 2013b). SMECSMFCs that use
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solid waste tend to have high levels of chemical oxygen demand (CODY). In athe study conducted
by Samudro et al, (2018), #—as—Ffeundthey determined that theeavesleal waste, which had a
COD content of 16.567 mg CODAL, had a higher COD removal efficiency of up to 87.67% and

a more stable power density atof 471 mW/m* compared tewith canteen and mixed wastes.

However, in this study, #-sknewn-that-high levels of COD do not mean-they-havelead to a high
COD removal efficiency and a high power density swtputssswell Catimumowput, The
optimum COD levels can preduese-greaterlcad to hiph power densities.

the-waler-cont he-snodeto-bemerethan-6005Thic diticn-cantrpaerthe thof
-t e fge B
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canthanS0-SEand-dramage s do-—retp much-pewer—This

rate himnejad et al, 2011). Transfer resistance would be higher since the sbsence of

sufficient solution homopenized the distribution of substrate to microorsanism and also the
electrons to electrode. Reducing electrode distance may increase the rate of electron transfer. but

some other problems oceur such as the increasing of oxveen penetration and active surface

electrode which lead to the decreasing power output (Sharma and Li, 20107 Water content is the

other critical point to note when working with SMFCs. [deally, 60% of distributed moisture will

make the process oceur in a good condition (Wang et al., 2013). As many SMFCs reactor

working i gravitational direction of electrodes, anode chamber will be flooded and exceeded

significantlv improve the performance of the SMFCs reactor because the nature of Xanthan 80

SF is able lo maintain moisture in the compost and prevent the effects of gravity so that water

does not accumulate at the bottom of the reactor. Therefore, cathode chamber wall dry and

decrease the proton transfer rate which make a lower power production. In this case. drainage
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and circulation system may be useful for maintaining the power production. This finding is

expected because the moisture in the compost is reduced. which in turn inhibits the compost

decomposition process and decreases the microbial activity, thereby inhibiting ion transfer and
energy production. These results indicate that the use of Xanthan 80 SF can mcrease the amount

of electricity generated and extend the period of electrical energy release (Wang et al., 2017:

Samudro et al.. 2018). Li et al. (2019) tried to solve the transfer rate problem by using biochar

amendment in soil which has limited water content. Biochar could increase electron transfer rate

anc kinetics because of the presence of electroactive surface. The addition of biochar also can

support microbial colomzation and increase the rate of biodesradation process. Therefore,

decrease the electrical conductivity beeause of its ability to adsorb ions in soils.

3.2 Electrode and System Configuration

In a study conducted by Mogsud et al. (2013), the use of bamboo charcoal with iron wire as an
anode material produces the highest elecirical voltage compared tewith carbon fiber alone and
carbon fiber with iron wire. The electrical voltage penerated m the reactor with bamboo charcoal

electrodes with iron wire reaches 420 mV-whse- whereas that in the reactor with carbon fiber

with iron wire reaches e

after 3 days of research, Based
won wire shipghtly mcreases the electrical voltage—durine—the-abady—Sobadmuns. The maximum

power density of 394 mW/m® is achieved in reactors with carbon fiber electrode material. This

Hgurevalue is svaeh-higher eempered—tethan that achieved in reactors with bamboo charcoal,

which only reaches—a-pewerdeasit—of 8 mW/m® (Mogsud et al., 2013), This is-beeausefinding
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can be attributed to the fact that the contact of biomass with electrodes is higher in carbon fiber
eemprred—tathan that in bamboo charcosl Fathetstady—i—wastkacwathealtheushkAlthough
bamboo charcoal is ebesperinexpensive and environmentally friendly, bambeo-eharesal-it is less
recommended when—wsedfor use asa cathode matenal because its wavy shape causes lowes
biomass contact. In addition, the MHC-performance te-predusecl MFCs in generating electrical
energy will ssereasebe improved if the surface area of the electrodes is increased with respect to

the reactor volume (Mastro et al., 2017). In duiferentstucbesancther study, a double anode with

graphene material 15 used because graphene is considered to have a ssesteslarper surface area
eemparedtathan carbon graphite (Samudro et al . 2018). Meanwhile, sa-ethesstedies—carbon felt
was jnleresting to be used as an electrode because 1t has—peresiyls porous and has a larges
surface area, which are suitable for microorganism growth, adhesion, and reduced impedance

activation (Kam et al, 20113,

The presence of a separator or PEM in SMFCs can also cause pH splitting. that is. an increase in

pH in the cathode chamber and a decrease in pH in the anode chamber (Rahimnejad et al., 2015},

Thus, various studies are conducted to determine the type of separator that supports the

aptimization of the SMFC reactor so that the electrical energy generated can reach the optimum

value (Liet al.. 2018; Mohan and Chandraselchar, 2011; Wang et al.. 2015). Mogsud et al. (2013)

value compared with that by the SMFCs reactor with filter paper and PEM. Cellophane is

considered to have a lower electrical resistance value than filter paper and FEM The dry surface

of PEM is considered to be the cause of its higher resistance value than cellophane and filter

paper. Filter paper is considered to be more permeable than PEM and cellophane. Meanwhile,
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cellophane is more easily damaged: thus, its guality is low and it cannot be reused In another

study. a single-chamber reactor was used so it did not need a membrang separator or separator

material (Mogsud et al. 2014}, However. it 1s also known that the application of PEM can

merease the internal resistance. Thus, various studies have been conducted to make different

reactor_configurations to suppress the MFC internal resistance values. for example. single-

chamber MFCs, up-flow MFCs, and stacked MFCs (Rahimnejad et al.. 2015; Rahimnejad et al.
2012: Rahimnejad et al., 2011).

The distance between the electrodes in a single-chamber SMFCs can also affect the amount of

electrodes producing the lowest electrical power output compared to a svstem which have a

distance between the electrodes The shorter the distance of electrodes ning the electrode is

located in the middle of the reactor) could produce greater electnicity because of the active

surface area ensures a high electrical gradient since protons can move to the cathode easil

{Mohan and Chandraselkchar, 2011} Therefore. the distance of electrodes can significantly reduce

the electricity since the protons need to move further to the cathode. This condition means that

determining the optimal distance is essential when working with single chamber SMFCs Even

though the distance between the electrodes must be kept small. sandwiched electrodes and PEM

fransfer from the awr to the cathode (Hassan et al. 2014: Palsnisamv et al. 2019:
Eeighambardoust etal._ 20107,

3.3 BaeteriaMicroorganisms
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Microorganisms involved during the process are also considered an important te-be-sbletafactor

that kelps-improve sesstesthe performance—RBeased—sn of the reactor. Sarthebassoi-theresenseh

Lupted by Resabeatmabei@0ileit s knownthet-tThe substrate in_the SMFCs is not the only
factor nfluencing the type of dominant microorganisms that exist in the anode. The dominant
microorganisms at the anode can also be influenced by the inoculum and the conditions when the
reactor is operating (Parol et al., <2009 Qaln another study. Reiche and Kirkwood (2012)
stated that SMECSNMFCse reactors with mixed culture biocatalysts obtained from three different
types of compost produce a maximum electric power density of 123 mW/m® Mixed
exbaresculture biocatalvsts obtamed from three different types of compost were considered to be
able to enrich the substrate and eesgoelectrogenic activity. The efficiency of electron transfer that

oceurs in SMECSMFCs can be influenced by the selection of biocatalysts to be used _Ton and

substrate transport through solid media is an important factor that mfluences the performance of

transport system in SMFCs becoming critical since water content is limited In that case

maintaining water confent in optimum condition (arcund 60 — 80%) is necessary (Oliot et al..
2016; Wang et al.. 2017).
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Wang et al. (2019a) stated that the type of noculum can determine the rate of substrate

decomposition and affect the predustengeneration of electrical energy. Based-enln this research

the dominant genus identified on the anode biofilm was the genus Psendomonas by 3% enthe

anede-biofilm-24). Psendomonas can produce chemical intermediaries that can transfer electrons
to electrodes. Tn addition-there—tsstsa, Hydrogenophaga o 58—+%0) was the dominant genus
identified on biofilms derived from household wastewater. The genus consumes H; in the anode
chamber, therehy inhibiting the precsstiengeneration of electricity by SMFESMFCs with biogas
slurry eleetriertvas substrate. In addition to the analysis of the genus level it is known that there
are—four penera of hydrolytic bacteria that—can break down he—cellulose. protein, and starch
chaing into organic micro-molecules, thereby increasing sugar degradation and volatile fatty

acids S840 SMECSMFCs with biogas slurry_as substrate, The diversity of the genus of

24
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microorganisms contained in SMFECs influences the performance of the reactor because of the

different roles of each microorpanism in deprading the substrate (Lu et al. 2019, Reiche and

Kirkwood. 2012: Wang et al. 2015 Wang et al., 2019b; Zhi etal.. 2014
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Solid phase microbial fuel cells (SMFCs) seems to have many potentials when compare to other
solid waste treatment, This technology only needs relatively small energy input for supporting

chemical reaction in cathode Moreover, air-cathode MFCs does not need a supply oxvgen since

it is provided by its svstem configuration SMFCs produce a less sludge as an anaerobic power

generation system and convert organic matter into direct electricity and bichydropen The

C0. NH., N0 The same characteristics can be seen in the anaerobic dipestion which has the

same processing stage as SMFCs Aerobic composting needs a lot of energy for aeration and

mixing and only produce compost with excessive amount of leachata. This type of composting

also produces a significant amount of odor and VOO which interfere the environment. While

meineration has many benefits for treating solid waste, it also generates dioxan and furan

{especially when is working with plastic-based material), CO; and N;O. If the incineration is not

controlled properly, the emission and byproduet (v and bottom ash [/ slag) may harmful for the
environment,

Table 2 Comparison of SMFCs with other conventional solid waste treatment

Typically, energy generated from MFCs treating food and organic waste (in the form of liguid

fraction / hydrolysate) is around 0.28 — 0,78 MI/kg COD (Xin et al.. 2018: Xiao and He, 2014},
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The total energy can be higher until reached 2.48 MI/ke COD when MFCs is fed by anaerobic
sewage sludge and 3.52 Ml/ke COD by food waste hvdrolysate (Wane et al . 2013b: Xin et al..

2019). That energy values are promising. especially when it is compared with other waste to

ene ) technology such as incineration which can provide energy values ranming from

3.60 MIke to 4.96 MIke of food waste (Cammona-Cabello et al.. 2018). However, the condition

will be more challenging when SMFCs s implemented to process the solid fraction of municipal

waste. The electricity peneration from solid phase MFCs is relatively small. amounted of 0.072

MIke of food waste as reported by Mogsud et al. (20147 This is related to its mass transfer

limitation which resulted to the low electricity generation of SMFCs. Therefore. those values are

31
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{2018) showed that the amount of electric power generated by MFCs is greater than by anaerobic
digester (A} This finding can be attributed to the fact that the AD process requires a longer

MFCs reactor ¢an be 5.5 times smaller than the AD reactor. The MFCs application is considered

to be more practical. more environmentallv friendly, and more economically feasible in terms of

electricity conversion and production costs than AD. The MFCs 1s expected to become a solution

for processing food waste that ensures the rapid recovery of resources and electricity sources by

not producing any other waste.

32

60



| Separnted wet salids | Dry biofertilizer |
744 million kg

Bh wltra-fass hy ysi 322 million kg
Food waste fungal mash
; 785,500 omnes P
Sepuruted liquid
197 milon kg SCOD,
Apprvaekil @ M A h2
pproa i o pproac
Anaserohic digestion o i 8
{ 42.7 million m" CH, ] { Microbial fucl celt J
| Storge and trunsport 192.5 million kWh '
| Combustion
|"’s.=.n"—,.,M'
167.5 million kWh |
A = ___ p— S—
. . : : r
Eneryy
mput
-2 |
Pawer grid i i
L83
az |
-

Food waste Treatment Plant

0.6 nllion
KWh per year

Energy issminen  Municipal Wastewater
: FWhperwesr - Relamation Plant

generation

= e — Gy,

A

Fevipidansat, jg;ﬂmd “““ I;

tenCaloeabonal 3 £
HtisEaiien-Dr-reea-wastep

Higure-b-to-

.'! _annaﬂ:hgnﬁ)efaum Times i
|| New Roman, 12 pt

| Formatted: Font: {Default) Times
|| New Roman, 12 pt

waste management system. using an integrated biochemical
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Strengthening Xin et al. (2018) proposed scheme, Antonopoulou et al (2019) also proposed a
ocess. Food waste 1s grinded

61



fractions of product. liguid and solid fraction. The liquid fraction is processed using MECs

continuously and the solid fraction is processed using anaerobic digester. This scheme is

considered to be applied in pilot scale because it produces more energy recovery value of 12 32

MIke of total solids (TS). or almost comparable to the maximum net calorific value usin
various types of combustion. amounting to 18.09 - 18.38 MI/kg TS. The total energy produced

from MFCs and snaercbic digester are still positive. especially to cover the pre-processing
enerpy needs of § MIke TS (Antonopoulou et al.. 2019, Wang et al.. 2013b; Xin et al.. 2018).

This energy balance can still be reduced if it uses cheap and energy-friendly drving technology
such as bio-drvine or low-cost decanters to reduce the excessive amount of water content in the

be processed using MFCs for {urther substrate conversion The generated eneray could be used

as self-supporting svstem for aerating the com ile. In other hand. MFCs itself can be

directly treat the organic fraction of solid waste without the help of anaerobic and aerobic

composting. However. this option is not feasible since the energy generated is lower and need

further investigation 1o enhance the productivity of electricity. Figure 3 shows the proposed

mechanism for mtegrating other solid waste treatment with SMFECs.
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155, Conclusions

SMECSMECs  are an  alternative  sewrestechnology  of  generating  electricity  that s
environmentally friendly and sustainable. Various studies have been esssad—sstconducted to

determine the optimum configuration of the MFC reactor and its development potential to be

¢ electrical energy. The various factors that affect
the performance of SMECSMFC reactors, such as substrates. electrodes, microorganisms
mvolved, and reactor configuration, need to be further investipated. Oaefactor thet seedstobe

Sarther snvestioated s related-to<The presence of separator and electrode distance used in the

SMECSMEC reactor —beth-efwhish-are important to determine since it is related to the preeess

efelectron and proton transfer, and-tMass transfer process is also important in a solid phase.

ensuring the microorganism can breakdown the substrate properly. Therefore. this limitation may

be further studied. and finding the best configuration system may enhanced the electricity

generated by the SMFECs he

solid waste processine svstem could be possible and reliable. since SMFCs itself has many

limitation. The proposad system is combining the preprocessing system. anserobic dipestion.

composting, and also SMFCs in a sequential system After solid waste processed by using

pretreatment technology. solid waste is sending to composter, both in anaerobic or aerobic
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composting system. Then, the leachate. slurry or hydrolveate from the process may be treated by

using SMFCs, The direct electricity can be used as alternative energy sources for other treatment

needs. SMFCs also could be used as a smale solid waste treatment. but the efficiency may be

lower than the proposed system instead and not Feasible for field application.
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Table 1 Recent studies related to improvement of MFCs performances treating solid wastes
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and pamboo fiber fiber carbon microbial culture chamber anode specific (2014
waste (glucose) surface area
i . j : v 2015
c. f L i nelimd
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Substrate Electrode Separator Bacteria Operating System Maximum References
Phase Configuration Fower Density
Anode Cathode
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P ST
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A ;
toth T Ca—
Lievelinhiiue
Hrerkogereiie
geebastsriohobacion
Gash -
hieeliphidin
Bhodonacos
Pttt
LFood waste Brushes Carbon Nd Mixed anacrobic Liquid Single -556 mWim® Jin et al. (2013)
hyihjolysate cloth microbial culture chamber peranode
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Substrate Electrode Separator Bacteria Operating System Maxi Refi
Phase Conliguration Fower Density
Anode Cathode
specific surface
pL L
Carbon Carbon Filler paper.  Nd Solid Dual chamber 394 mW/im'per  Mogsud et al.
fiber fiber cellophane, cathode specific  (2013)
and PEM surface area
Carbon Carbon Proton Mixed anaerobic Solid Single 381 Wim'per  Wang et al.
felt and felt and exchange microbial culture chamber anode working  (2013b)
rod rod membrans volume
Carbon Carbon Nd Nd Solid Single 2647 mWim'  Wangetal.
Telt felt chamber per anode (2013a)
specific surface
area
Libor Fibor coblophane: =203
and PEM
' Caisii o Hoilasinatd  Viredamstokis Singl K oagroite-abal
Riedhusks Carbon-felt Nd S Single 1278 Wang-etal—
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Substrate Electrode Separator Bacteria Operating System Maximum References
Phase Configuration Fower Density
Anode Cathode
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mesh
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Table 2 Comparison of SMFCs with other conventional solid waste treatment

Solid Waste Treatment  Encrgy Input Products Byproducts  Hmissi References
Solid Phase Micrabial Half agration in - Blectricity Less shudge  CH,. OOy, NIL, N0 Lietal, (2020)
Fuel Cells cathode and - Soil conditioner
ignored when - Compost
working in air- - Fertilizer (in slurry
cathode phase)
Mixing (if - Biohydrogen
NECCESAry )
Acrobic Composting Full azration Compost Leachate Chdor, 0. CHy, Rincon et al. (2019)
Mixing VOO, NHy, NGO Smith and Aber, (2018)
Bermstad and la Cour
Jansen (2012}
Anaerobic Digestion Mixing (if - Fertilizer Less sludge CH,, CO;. NH.. N,0 Santos et al, (2020)
necessary) - Biogas Rincon et al. (2019)
- Seil conditioner

Incineration

Full agration

- Non-dirget clectricity
(from hcat)

- Compost

- Heal/sigam

- Electricity

Ash and
slag

Dhoxin and furan (if
the waste containg
plastic-based
material), COy N0

Assi et al,, (2020)
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Response to reviewer comment of the second version of the manuscript

*Response to Reviewers

Response to Reviewers Questions / Comments

Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

Reviewer #1

- They have enlarged the
abstract, but the sentence
"(around 6 to 18 times to
achieve the same energy
output as combustion
process)" needs a thorough
reference from the
literature, as in the largest
part of the studies, MFC
are remarkably below such
a value, especially when
compared to combustion
processes. The Authors
should look to literature
papers in which the
industrial outlook of MFC
is proposed.

We made changes in
the abstract. The
sentence in the
bracket has been
removed, but replaced
into the discussion
section. However, the
energy generation
from industrial
outlook cannot be
stated clearly since
the exact use of
SMFCs in the
industrial scale is not
available.

The sentences “The
total energy can be
higher until reached
2.48 MJ/kg of COD
when MFCs is fed by
anaerobic sewage
sludge and 3.52
Ml/kg of COD by
food waste
hydrolysate” is based
on the literature that
proposed a pilot scale
MFCs. However, the
MEFCs are proposed in
a liquid fraction
which is not
comparable with the
incineration process.

.... That energy values may lower,
especially when it is compared with
other waste to energy (WtE)
technology such as incineration which
can result in energy values ranging
from 3.60 MI/kg to 6.00 MJ/kg of
food waste (Carmona-Cabello et al.,
2018; Chen and Christensen, 2010).
Although the MFCs energy generation
seems promising since only 8 to 12
SMFCs systems might achieve the
same energy output as combustion, the
energy generation sustainability is
doubted compare to thermal
processing technologies such as
incineration. The condition will be
more challenging when SMFCs is
implemented to process the solid
fraction of municipal waste. The
maximum electricity generation from
solid-phase MFCs is relatively small
and amounted to 0.072 MJ/kg of food
waste, as reported by Moqsud et al.
(2014). This condition is related to its
mass transfer limitation, which
resulted in the low electricity
generation of SMFCs. Therefore, those
values are still on a laboratory scale
(none SMFCs in larger scale), which is
still in doubt that the process
efficiency will be much lower than a
pilot or even industrial scale. At the
pilot / industrial scale, MFCs reactor
must be constructed in a minimum
dimension to ensure the power per unit
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Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

However, we add this
sentence “Although
the MFCs energy
generation seems
promising since only
8to 12 SMFCs
systems might achieve
the same energy
output as combustion,
the energy generation
sustainability is
doubted compared to
thermal processing
technologies such as
incineration” to bridge

area of the electrode or reactor volume
is lower, making the energy generation
higher. An ideal substrate supply rate
can also be provided in smaller sized
reactors (Greenman and Ieropoulos,
2017). This limitation might be solved
by integrating other waste processing
technologies.

and highlight the gaps
of SMFCs research.
2 Many typos are still We have checked the | Modified words or senteces are
present in the manuscript | typos line by line as tracked and marked using red color
(i.e. "...microbial fuel cellS | per reviewer
IS....", "SMFCs is quite suggestion.
profitable...")
3 The title of Section 2.3 is | We changed the title | The title is modified into:
not clear... Is it just “2.3. Electrode “Process in Separator or Membrane”
"Electrode"? Electrode Separator”
Separator?
4 It is not true that "in As per reviewer SMEFCs consists of anode and cathode

general" there is a PEM.
Many other layouts have
been proposed in the
literature, with more
general cationic
membranes, but also with
porous clay (work by Prof.
Teropoulos' Group). The
Authors should
acknowledge such
contributions, especially in

suggestion, we
enriched the section
2.3. using recent
literature about the
use of clayware
membrane and porous
clay system.

chamber separated by cationic
membrane or proton exchange
membrane, porous ceramic, clayware
membrane (Yousefi et al., 2017), and
electrode distance (by configuring the
placement of electrodes) (Mogsud et
al., 2017). Biopotential that occurs due
to the metabolic activity of
microorganisms and the condition of
electron acceptors can induce
bioelectricity in SMFCs. The proton
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Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

a Review paper.

exchange membrane (PEM) or other
separators in SMFCs, which physically
separates the cathode and anode
chamber, also prevents the transfer of
dissolved oxygen contained in the
cathode chamber to the anode chamber
so that the anaerobic conditions in the
anode chamber can be maintained
(Ghasemi et al., 2013). The separators
or PEM can facilitate the transfer of
protons produced in the anode
chamber without the transfer of
substrate and oxygen to the cathode
chamber. The following may occur
when the PEM is not applied in
SMFCs: the displacement of oxygen
and substrate can result in decreased
coulombic efficiency (CE) and
microorganism activity, which has a
dramatic effect on the system
performance and stability. The highly
cost PEM / CEM makes many
researchers looking for alternative
separator substitution. Porous clay,
such as novel porous clay earthenware
(NCE), could produce higher power
output compared to the use of PEM as
electrode separator (Daud et al., 2020).
Therefore, the higher the thickness of
the porous clay, the lower the power
generation produced by SMFCs. The
difference of the thickness can change
the hydraulic pressure and also the
transport of fluid through the SMFCs
system. The flow of ions will be
slower when the thicker clay
membrane is applied (Jimenez et al.,
2017).
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Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

Substrate section: no hints
on the dark fermentation
phase proposed by Prof.
Logan are found: the
authors should mention it.

As per reviewer
suggestion, we added
this discussion in the
revised manuscript.
Since many recent
works are discussing
about the integrative
process of MFCs with
DF, we put this
paragraph in the
“Integration of
SMFCs with Other
Solid Waste
Treatment”

Dark fermentation (DF) is a
technology commonly used to recover
bio-hydrogen from high cellulose
content materials, Through
fermentation reactions, cellulose is
hydrolyzed to hexoses and produces
acetate and hydrogen gas (Wang et al.,
2011). However, the DF system is only
able to recover 1/3 of the total
theoretical energy that could be
recovered. The combination of
microbial fuel cells and microbial
electrolysis cells (MFC-MEC) to treat
DF effluent could increase bioenergy
production. MFC could support MEC's
energy needs for converting substrate
into H2, as well as direct electricity for
the system as a whole (Chookaew et
al., 2014). Increased power density in
MFCs also resulted from the use of
dark fermentation effluents where the
maximum power density increased to
4 times more significant based on
research conducted by Varanasi et al.
(2017). The combination of DF-SLS
(Solid Liquid Separation)-MFC can
also be used to treat cellulose waste
such as swine manure and rice bran.
As a post-treatment of DF and SLS,
MFC can improve the energy recovery
process in the form of bio-electricity.
MEC efficiency will also increase due
to higher degradable COD available
from DF and SLS processes
(Schievano et al., 2016). The potential
for utilizing integrative technology
might be explored more intensely to
get better system durability and
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No | Reviewers Questions / Response Revised Text in the Manuscript
Comments
sustainability.
6 | No particular emphasisis | As per reviewer The pH plays a vital role in

posed on pH evolution
within the chamber. The
Authors should
acknowledge that pH has a
dramatic role in the
performance of the whole
reactor, as pointed out in
many recent works. The
Authors must enhance the
discussion on this aspect,
due to its cruciality for
MFC performance and
include proper references
in their paper.

suggestion, we added
this discussion in the
revised manuscript.

maintaining the performance of solid-
phase microbial fuel cells. The pH can
activate several reactions and affect
microorganisms' performance in
consuming substrates, thus produce
bioelectricity (Jadhav and Ghangrekar,
2009). Higher electricity production
can occur in a neutral pH range
because of exoelectrogens like neutral
environmental conditions (He et al.,
2009). Low pH condition which is
very likely to occur in the anode
chamber, can cause the soluble metals
to be precipitated, thereby covering the
cathode’s layer and inhibiting the
transfer of electrons to the cathode,
and protons to the membrane/separator
(Makinen et al., 2013). An increase in
the cathode chamber’s pH and a
decrease in the anode chamber’s pH or
pH splitting can occur when a
separator or PEM in SMFCs is
available. This risk might occur since
the membrane/separator cannot
effectively transfer the protons to the
cathode chamber and electrons to the
electrode (Rahimnejad et al., 2015).
The biggest SMFCs issue is the mass
transfer, including the transfer of
protons and electrons in a solid-state
system (Chiu et al., 2016). Mixing is
essential to ensure the uniformity of
mass transfer, thus prevent the pH
splitting between anode and cathode
chamber (Nastro et al., 2017).

Reviewer #2
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Reviewers Questions /
Comments

Response

Revised Text in the Manuscript

The authors replied to the
comments, increased the
missing parts and revised
the text. With the changes
made, from my point of
view, the article should be
accepted.

Thank you for your
valuable comment and
support.
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Abstract: This review article discusses the use of solid waste processed
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z0lid waste) 1s also guite promising if several important factors, such
as the type and amount of substrate, microorganism community, syvstem
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affecting SMFCs performance is the efficiency of electron and proton
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HIGHLIGHTS

e Solid-phase microbial tuel cells (SMFCs) could process organic waste into electricity
directly.

¢ The results of electricity generation have been summarized from the literature.

o lon and mass transfer are the biggest limitation of SMFCs

s SMFCs is promising to achieve zero discharge treatment of solid waste

* Integration of SMFCs with other conventional solid waste treatment is investigated
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Abstract

This review article discusses the use of solid waste processed in solid phase microbial fuel cells
{SMFCs) as electrical energy source. MFCs are usually operated m the liquid phase because of
the ease of the 1on transfer process in iqud media. Nevertheless, some researchers say that the
potential for MFECs in the solid phase (particularly for treating solid waste) is also guite
promusing if several important factors, such as the type and amount of substrate. microorganism
community, system configuration, type and number of electrodes, are optimized, thereby
mncreasing the amount of electricity generated. The critical factors affecting SMFCs performance
15 the efficiency of electron and proton transfer through solid media. However, this limitation
may be overcome by electrode system enhancement and regular substrate mixing, In the other
hand, the integration of SMFCs with other conventional solid waste treatment could produce
sustainable green energy. Although SMFCs produce relatively small energy than other waste to
BT e e e T ]
praeess), SMFCs s still quite promising to achieve zero emission treatment, Therafore, this
article is expected to address the challenges and also fill the gaps in SMFCs research and
development.

Keywords: anaerobic digestion, compost, mass transfer, microbial fuel cells, remedisten—solid-

phase

1. Introduction
The increasing of municipal solid waste generation is an issue faced by almost all countries in
the world, due to an increase in industnal activity and global development. In developing

countries, almost 90% of municipal waste 15 transported to landfills directly without any
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intermediate treatment that can reduce the volume of solid waste (Barik and Paul, 2017). This
waste management activity even contributes to greenhouse gas emissions by 5% compared to
total world greenhouse gas emissions. Recycling, effective waste treatment and source-
segregation are the main strategies in reducing emissions and environmental 1mpacts due to
increased waste generation (Florio et al,, 2019). Waste is considered to still have a large enough
energy content, o waste to energy 1s one of the alternatives that is considered (Chiu et al., 2016).
Composting and anaerobic digestion are biological treatment technologies that have been used
and explored massively in various countries (Yu et al, 2015, Xin et al, 2018). However,
convenhional composting under aerobic condition requires more energy for mixing and ar supply
and may produce a huge amount of leachate (Chu et al., 2019), Anaerobic composting which is
commonly known as anaercbic digestion can be an alternative solution for converting solid
waste into reusable energy and biofuel (Khudzari et al, 2016). Many recent works revealed that
anaerobic digestion has many constraints such as long residence time. relatively low purification
of hiomethane and its conversion to electricity, and many safety issues which make this

technology carmot be a perfect solution for zero discharge treatment (Xin et al., 2018).

Recently, microbial fuel cells (MFECs) is found as an alternative treatment for generating
electricity from waste (waste valorization) without intermediate treatment as anaerobic digestion
does by utilizing electrogenic (anodophilic) microorganisms (Xin et al., 2018). Bioelactric
energy of MFCs is depending on the electron transfer process and biodegradation efficiency of
solid waste {Song et al, 2015). Many researchers use the terms of solid phase MFCs (SMFCs /
SPMFCs) (Logrono et al, 2015, Wang et al, 2015, Mohan et al, 2011) and a few of them use

the terms of compost MFCs {eMFCs) (Khudzan et al, 2016) and biogas slurry MFCs (BSMFCs)
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{Wang et al,, 2019%a) to name MFCs which converting solid waste into electricity. Solid-phase
microbial fuel cells (SMFCs) are one of the developments in MFCs technology that can be
apphed to solid waste and are claimed to be able to accelerate the process of anaerobic waste
degradation, harvest electnical energy directly, and produce mature compost from orgamc
compounds (Choudhury et al., 2017, Mogsud et al., 2013; Moqgsud et al., 2015; Pandey et al,
2016: Santoro et al., 2017). SMFCs is euite-profitable because it only requires low-cost materials
{Duetal, 2007, He et al., 2017). Moreover. its capability to generate electricity directly makes 1t
an alternative renewable energy source, attracting considerable attention from researchers (Do et
al., 2018, Escapa et al., 2016; Xia et al, 2018). In addition, solid waste which 1s used as substrate
also makes SMFCs to be an alternative method for overcoming the problem of solid waste
treatment because it uses solid waste as a substrate to provide an environmentally friendly and
sustainable source of electricity (Gude, 2016; Yasri et al., 2019}, Thus, SMFCs are considered to
be capable of addressing multi-sectoral problems since it can be integrated with other processing
waste treatment such as aerohic composting or anaerobic digestion (Kadier et al,, 2016; Logan.

2009; Trapero et al., 2017, Utcmo et al., 2017).

Over the past five vears alone (2016-2020 as article 1 press), 2,499 review articles, 1,193 book
chapters. and 1.513 research articles relating to the utilization of MFCs in various treatments
were found on sciencediract com (beyond other scholarly databases) Nevertheless, finding
articles that discuss the use of SMFCs for comprehensive solid waste management is quite
difficult. Rahimnejad et al. (2015) explained in detail the application of MFCs to processes at
anodes—cathodes, proton transfer processes through cation exchange membranes, anion exchange

membranes, or bipolar membranes. the production of bichydrogen, hoelectricity, and
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biosensors, and wastewater treatment. Information about advanced developments in the use and
manufacturing process of electrodes and MFC membranes has also been updated by Palanisamy
et al (2019). Meanwhile, Zhang et al. (2016) and Khudzari et al. {2016) used bibliometric
methods to measure the extent of global research trends, research, and developments regarding
MFCs using the Scopus and Web of Sciences database, or specifically in several journals, which
are the main platforms of MFC progress report. However. to the authors’ understanding, there
has not been a single article that summarizes, discusses, and provides a detailed description of
the development of SMFCs for treating solid waste. The factors that influence the optimization
of the performance of the SMFCs reactor mentioned previously need to be further investigated
through various in-depth and comprehensive studies, This review article was written to
understand and analyze the technological basics of SMFC and the factors that influence it. as
well as potential obstacles that may be encountered in the future in its development toward
mdustrial commercialization. Through this article, we can collate the results of recent studies that
have been conducted to optimize the performance of SMFCs and its possible integration and
comparation with other technologies as well as the various improvements needed to enhance the

results of generating electricity using SMFCs.

2. Fundamental Process of SMFC

SMFECs i3 a technelogy used to generate environmentally friendly electricity from hiomass by
utilizing microorganisms {Garita-hMeza et al. 2018; Malinen et al, 2013; Pushkar et al., 2016).
SMFECs employ the bioelectrogenesis capability of microorganisms to utilize organic compounds
as electron acceptors where energy is generated in the process. This system harvests the energy

generated by the microorganisms directly without the need for combustion (Calignano et al.,
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2015; Mimutillo et al, 2018; Nastro et al., 2017). Generally, SMFCs configuration systems
consist of two chambers: cathode and anode chamber, which separated by specific membranes,
The cathode is a chamber which is full of oxygen, where protons will move toward the cathode
chamber to form water molecules (Logrofio et al, 2016a; Mogsud et al., 2013). The two
electrode chambers are separated by a membrane as a mediator capable of moving protons from
the anode to the cathode, transferring electrons between the two electrodes. and inhibiting the
entry of oxygen into the anode. However, there are also SMFCs that do not use membranes and
rely on the distance between the two electrodes (Logrofio et al,, 2016a; Logrofio et al., 2016b;
Mohan and Chandrasekhar, 2011). Figure 1 generally illustrates the processes that occur in the
SMFCs.
Figure 1. Schematic illustration of the SMFCs process (Modified [rom Nastro etal., 2017 and

Loprofic et al., 2015)

Chemical energy present in the organic waste will be oxidized by microorganisms in the anode
chamber. Microorgamisms extract the energy needed to build biomass through metabolism
process (Palanisamy et al.. 2019). The effectiveness of SMFCs reactors 1s influenced by several
factors, such as oxygen supply and consumption in the cathode chamber, oxidation of the
substrate in the anode chamber, electron transfer from the anode chamber to the anode surface.
and proton exchange membrane (PEM) permeahility (Rahimnejad et al., 2015, Sharma and Li,
20100, In other cases. circuit connection 1s also important to note. since it can increase the

voltage output to 344.11% times preater than a single reactor (Utomo et al, 2017).

2.1. Process in the Anode
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The anode chamber is an important component of SMFCs. Microorganisms that play a role in
substrate degradation and electron production attach to the electrodes in the anode chamber. The
process occurs at the anode under anaerobic conditions. The presence of oxygen in the anode
chamber can mhibit the generation of electricity by microorganisms. In addition to the electrodes
and microorganisms, there are also substrates and mediators in the anode chamber. The general
reactions that occur at the anode are expressed in Equation (1),

Active microorganism

Biodegradable organics - CO+ H* + e~ {1)

Arnaerabic environment

The microorganisms present in the anode act as catalysts capable of breaking the substrate into
simpler molecules. This active biocatalyst is able to oxidize the substrate and produce electrons
and protons. The resulting protons are forwarded to the cathode via the PEM, whereas the
electrons are forwarded to the external path {Antonopoulou et al,, 2010; Du et al,, 2007, Ghasemi

etal., 2013; Rahimnejad et al,, 2015; Rahimnejad etal,, 2011},

Figure 2. Working mechanism of electrode and separator in SMFCs (Modified from Mohan et

al., 2014)

Madification of the material used as an anode influences the performance of the SMFCs reactor,
Previous studies showed that the use of different electrode materials at the anode generates
different amounts of electrical energy: thus, 1t can affect the overall performance of the SMFCs

reactor. Materials that are widely used are graphite carbon in different shapes, including: fiber
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brush, cloth, rod, paper, and felt because they have a high conductivity and a large surface area
(Cercado-Quezada et al, 2010; Ghasemi etal, 2013; Liet al., 2019, Sharma and Li, 2010; Xin et

al.. 2019).

2.2. Process in the Cathode

The cathode and anode chambers in the MFC work continuously to generate electrical energy
that can be utilized. Protons move from the anode chamber to the cathode chamber through the
FEM, which refines the electric current,

02 + 4H' + 4e™ > 2MH,0 2)
Radical oxygen produced in the anode chamber {Equation (2)) moves to the cathode chamber
anc forms water that spreads on the cathode with the help of a catalyst. Equilibrium can be
reached on the hasis of equation (2) by connecting the cathode and the anode with external cable
connections. The performance of MFCs on the cathode is different from that on the anode. The
concentration and type of electron receiver, availability of protons, performance of the catalyst,
electrode structure, and capability of the catalyst affect the performance of the cathode. The
availability, strong oxidation potential, and nontoxic end products of oxygen make it a suitable
electron acceptor for the cathode chamber some cathodes are configured by placing one side of
the cathode in direct contact with the cathode chamber and the other side in direct contact with

free air.

2.3. Process in Eleetrede Separator or Membrane

—SMFECs consists of anode and cathode chamber separated by cationic membrane ors

hrane ;G : A0S me e (Yousefi et al, 2017) and
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electrode distance (bv configuring the placement of electrodes) (Mogsud et al, 2017).

Biopotential that oceurs due to the metabolic activity of microorganisms and the condition of

electron acceptors can induce bioelectricity in SMFCs. The proton exchange membrane (PE
or other separators in SMFCs_which physically separates the cathode and anode chamber. also

prevents the transfer of dissolved oxvaen contained in the cathode chamber to the anode chamber

so that the anaerobic conditions in the anode chamber ¢an be maintained (Ghasemi et al. 2013).

The separators or PEM can facibtate the transfer of protons produced in the anode chamber

without the transfer of substrate and oxygen to the cathode chamber. The following may oceur

when the PEM is not applied in SMFCs: the displacement of oxveen and substrate can result in

the svstem performance and stabilitv, The highly cost PEM / CEM makes many researchers

locking for alternative separator substitution. Porous clay, such as novel porous clay sarthenware

(NCE). could produce higher power output compared to the use of PEM as electrode separator

aud et al.. 2020). Therefore. the higher the thickness of the porous clay. the lower the power

generation produced by SMFCs. The difference of the thickness can change the hydraulic

pressure and also the transport of flud throush the SMFCs system. The flow of ions will be

slower when the thicker clay membrane is applied (Jimenez et al, 2017) SMECseansisiaf
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3. Factors Affecting the Performance of SMFCs

Electricity generated by SMFCs is influenced by various factors, such as electrode material and
type of membrane used, salinity and alkalinity, type of waste, and composting factors, such as
pH and C/N ratio. Mogsud et al (2013) stated that SMFCs with a good performance has a low
mternal resistance and a high electromotive force. Table 1 shows some of the optimizations that

have been made to increase the amount of electricity generated by SMFCs

Table 1 Recent studies related to improvement of MFCs performances treating seke-wastes

3.1 Substrate

Substrates or materials used as organic sources for SMFCs can use various types of wastes that
contain high organic matter such as kitchen and bamboo wastes. The voltage generated by
litchen waste rapidly mcreases in the initial phase and gradually becomes constant at the voltage
of 620 mV. Conversely, in bamboo waste, the voltage generated gradually increases to 540 mV.
This finding is expected because some fruits in kitchen waste contain large amounts of glucose,

An adequate supply of glucose activates bacteria and produces a higher voltage (Mogsud et al..
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2014). Utomo et al. (2017) used sludge originating from a communal waste treatment plant that
has a different age, They observed that the stress generated at the anode with fresh sludge
material has a higher value than that with stored sludge material. X et al. (2019) determine the
effect of the complex compound (glucose, sodium acetate, and food waste hydrolysate) used in
MFC on the production of electrical energy. The electrical density produced by the MFC reactor
with a food waste hydrolysate substrate was higher than that with glucose and sodium acetate.
Wang et al. (2013a) obtained a higher power output using different substrates. With an adequate
supply of glucose, complex substrates rich in monosaccharides, organic acids, and other micro-
molecules can be directly utilized as SMFCs substrates so that bacteria become more active and
generate higher stresses (Pant et al,, 2010; Wang et al,, 2019a), Similar results were obtained by
Tia et al (2013) and Li et al. (2018}, that is. SMFCs can produce a larger amount of energy with

substrates in the form of mixed carbon rather than single type of carbon

In different studies, biogas shurry is used as a substrate for MFC (BS-MFC). Biogas slurry as
waste from biogas technology that has been widely applied is considered to cause new problems.
Biogas slurry is tich in monosaccharides, organic acids, and other micro-molecules that can be
directly utilized as MFC substrates (Pant et al., 2010, Wang et al., 2019a), Wang et al. {20192)
found that microbial acclimation was achieved on the 16™ day at 1504 + 14.6 mV. The second
cycle, which was conducted with the addition of substrates, showed a voltage of 622.7 + 30.3
mV on the 20" day, indicating that biofilms were formed at the anode. The accumulation of
electrical voltage in these three cycles reaches its maximum value and is stable for a sufficiently

long period of time However, the BS-MFC hydrolysis reaction and the long operational period
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lead to a hugh level of energy demand and a low average CE production of 4.1% (Wang et al.,

201%)

In different studies. nice husk sovbean residue. coffee residue. and leaves were used as substrate.

The choice of substrate is based on the nature of each substrate that is rich in cellulose and

biopolymers and is an ideal source of organic matter and the abundance of substrates. Rice husk

can_increase hydraufic conductivity and porosity on SMFECs reactors, Therefore. substrate

composition can affect the community of microorganisms that grow at the anode, as well as the

output of electrical energy (Wane et al. 2015). The addition of bio-enzymes to the substrate

(Wang et al., 2015, Wang et al.. 2013b). SMFCs that use solid waste tend to have high levels of

chemical oxvpen demand (CODY. In the study conducted by Samudro et al (2018% they

determined that leaf waste_ which had a COD content of 16,567 mg CODVL. had a higher COD

removal efficiency of up to 87.67% and a more stable power density of 4.71 mW/m* compared
with canteen and mixed wastes, However. in this study. high levels of COD do not lead to a high

COD removal efficiency and a high-power density output. The optimum COD levels can lead to

high power densities.
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The biggest limitation of microbial process in solid phase ecosystem 15 substrate [ mass transfer
rate (Rshimnejad et al, 2011). Transfer resistance would be higher since the absence of
sufficient solution homogenized the distribution of substrate to microorganism and also the
electrons to electrode. Reducing electrode distance may increase the rate of electron transfer. but
some other problems oceur such as the increasing of oxygen penetration and active surface
electrode which lead to the decreasing power output (Sharma and L1, 20107 Water content is the
other critical point to note when working with SMFCs. Ideally, 60% of distributed moisture will
make the process occur in a good condition (Wang et al., 2015) As many SMFCs reactor
working m gravitational direction of electrodes, anode chamber will be flooded and exceeded
6% of moisture content soon after the process is working The use of Xanthan 80 SF can
significantly improve the performance of the SMFCs reactor because the nature of Xanthan 80
SF is able to maintain moisture in the compost and prevent the effects of gravity so that water
does not accumulate at the bottom of the reactor. Therefore, cathode chamber wall dry and

decrease the proton transfer rate which make a lower power production. In this case, drainage
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and circulation system may be useful for maintaining the power production. This finding is
expected because the moisture in the compost 1s reduced, which in turn inhibits the compost
decomposition process and decreases the microbial activity, thereby nhibiting 1on transfer and
energy production These results indicate that the use of Xanthan 80 SF ¢an mcrease the amount
of electricity generated and extend the period of electrical energy release (Wang et al., 2017;
Samudro et al., 2018), Li et al. (2019) tried to solve the transfer rate problem by using biochar
amendment in soil which has limited water content. Biochar could increase electron transfer rate
and kinetics because of the presence of electroactive surface. The addition of biochar also can
support microbial colomzation and increase the rate of biodegradation process. Therefore,
knowing the optimization of biochar mass that will be used is important since biochar may

decrease the electrical conductivity because of its ability to adsorb ions in soils.

3.2 Environmental Faciors

In addition to the tvpe of waste or organic solid waste used. the degree of alkalinitv (Mogsud et

al.. 2013) and the amount of waste used as substrate also determine the amount of electrical

ash. for example. produced a maximum electric power per eathode surface area of 54.4 mWim®,

This value is two times preater than that of SMFCs without fly ash addition (Mogsud et al.
2013).
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The pH plays a vitsl role in maintaining the performance of solid-phase microbial fuel cells The

pH can activate several reactions and affect microorganisms’ performance in consuming

substrates, thus produce bicelectricity (Jadhav and Ghanprekar. 2009) Higher electricity

production can ceeur 1n a neutral pH range because of excelectrogens like neutral environmental

conditions (He et al. 2009). Low pH condition which is very likely to oecur in the anode

chamber, can cause the soluble metals to be precipitated. thereby covering the cathode’s laver

and inhibiting the transfer of electrons to the cathode, and protons to the membrane/separator

(Makinen et al.. 20131, An increase in the cathode chamber’s pH and a decrease in the anode

chamber’s pH or pH splitting can occur when a separator or PEM in SMFECs is available. This

cathode chamber and electrons to the electrode (Rahimnejad et al., 2015}, The biggest SMFCs

1ssue is the mass transfer. including the transfer of protons and electrons n a solid-state system

pH splitting between anode and cathode chamber (Nastro etal. 2017}

Ancther composting factor that is considered to affect the performance of the reactor 1s the water

content n the SMFCs material used The power density produced by the SMFCs reactor is

measured to be high in the substrate, which has a ligh-water content. The maximum measured

frequency. and a C/N rafio of 30:1. The range of water content that allows the reactor to operate

at its optimum is 40% to 60%_Another study showed that the ideal water content for SMFC was

60%:; meanwhile, at a water content of 40%. the fermentation process and microorganism

activity were inhibited (Wang et al, 2013a; Wang et al. 2017). Before the research was
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conducted. the maero- and micronutrient content, C/N ratio. and water content were determined

1o ensure that the process of generating electrical energy and making compost runs optimally

{Ganjar et al., 2018, Wang etal, 2015), The C/N ratio of 31:1. water content of 60%_and pH of

-8 are kmown to ensure optimum performance, indicating that SMFCs can be inteprated into the

compesting process.
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In a study conducted by Mogsud et al, (2013), the use of bamboo charcoal with iron wire as an
anode material produces the highest electrical voltage compared with carbon fiber alone and
carbon fiber with iron wire. The electrical voltage generated in the reactor with bamboo charcoal
electrodes with iron wire reaches 420 mV, whereas that in the reactor with carbon fiber with ron
wire reaches 260 mV after 3 days of research. This study showed that the addition of iron wire
slightly increases the electrical voltage. The maximum pewer density of 394 mW/m? is achieved
m reactors with carbon fiber electrode material. This value 1s higher than that achieved in
reactors with bamboo charcoal, which only reaches 8 mW/m? (Mogsud et al., 2013}, This finding
can be attributed to the fact that the contact of biomass with electrodes is higher in carbon fiber
than that in bamboo charcoal. Although bamboo charcoal is inexpensive and environmentally
friendly, 1t is less recommended for use as cathode material because 1ts wavy shape causes low
biomass contact. In addition, the performance of MFCs in generating electrical energy will be
mmproved if the surface area of the electrodes 15 increased with respect to the reactor volume

(Mastro et al, 2017). In another study, a double anode with graphene matenal 15 used because
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graphene is considered to have a larger surface area than carbon graphite (Samudro et sl 2018).
Meanwhile, carbon felt was interesting to be used as an electrade because it is porous and has a
large surface area, which are suitable for microorgamsm growth, adhesion, and reduced

mmpedance activation (Kmm et al, 2011).
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EhwaeeVariows studies are conducted to determine the type of separator that supports the
optimization of the SMFC reactor so that the electrical energy generated can reach the optimum
value (Li et al., 2018; Mohan and Chandrasekhar, 2011, Wang et al., 2015), Mogsud et al. {2013)
said that the voltage generated by the SMFCs reactor with cellophane separator has the highest
value compared with that by the SMFCs reactor with filter paper and PEM. Cellophane is
considered to have a lower electrical resistance value than filter paper and PEM. The dry surface
of PEM is considered to be the cause of its higher resistance value than cellophane and filter
paper. Filter paper is considered to be more permeable than FEM and cellophane. Meanwhile,
cellophane is more easily damaged; thus, its quality is low and it cannot be reused. In another
study, a smgle-chamber reactor was used so it did not need a membrane separator or other

separator material (Mogsud et al., 2014). However. it 1s also known that the application of PEM

can increase the imternal resistance. DMovel porous clay Thus, various studies have been
conducted to make different reactor configurations to suppress the MFC internal resistance
values, for example, single-chamber MFCs, up-flow MFCs, and stacked MFCs {Rahimnejad et

al., 2015, Rahimnejad et al, 2012; Ralimnejad etal, 2011),
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The distance between the electrodes in a single-chamber SMFCs can also affect the amount of
electrical energy generated (Miran et al., 2016, Oh et al,, 2010; Mohan et al,, 2010). Sandwiched
electrodes producing the lowest electrical power output compared to a system which have a
distance between the electrodes. The shorter the distance of electrodes {assuming the electrode 15
located in the middle of the reactor) could produce greater electricity because of the active
surface area ensures a high electrical gradient since protons can move to the cathode easily
{Mohan and Chandrasekhar, 2011). Therefore, the distance of electrodes can significantly reduce
the electricity since the protons need to move further to the cathode. This condition means that
determining the optimal distance is essential when working with single chamber SMFCs. Even
though the distance between the electrodes must be kept small, sandwiched electrodes and PEM
can increase the likelihood of substrate transfer from the anode to the cathode and oxygen
transfer from the amr to the cathode (Hassan et al, 2014; Pslanisamy et al, 2019;

Peighambardoust et al.. 2010).

#2434 Microorganisms

Microorganisms involved in the process are also considered an important factor that improve the
performance of the reactor, The substrate in the SMFCs is not the only factor influencing the
type of dommant microorganisms that exist in the anode. The dominant microorganisms al the
anode can also be influenced by the inoculum and the conditions when the reactor is operating
{Parot et al.. 2000}, In another study, Reiche and Kirkwood (2012) stated that SMFCs reactors
with mixed culture biocatalysts obtained from three different types of compost produce a
maximum electric power density of 12.3 mW/m?, Mixed culture biocatalysts obtained from three

different types of compost were considerad to be able to enrich the substrate and exoelectrogenic
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activity. The efficiency of electron transfer that occurs in SMFCs can be influenced by the
selection of biocatalysts to be used Ton and substrate transport through sohid media 15 an
mportant factor that influences the performance of SMFCs. If those transport is slow, then the
electrochemical reactions are reduced. Therefore, transport system in SMFCs becoming critical
since water content is limited. In that case, maintaining water content in optimum condition

{around 60 — 80%) is necessary (Oliot etal., 2016, Wang et al, 2017

Wang et al (2019a) stated that the type of inoculum can determmne the rate of substrate
decomposition and affect the generation of electrical energy. In this research the dominant genus
identified on the anode biofilm was the genus Pseudomonas (3%). Pseudomonas can produce
chemical intermediaries that can transfer electrons to electrodes. In addition, Hydrogenophaga
(5%} was the dominant genus identified on biofilms derived from household wastewater. The
genus consumes Hy in the anode chamber, thereby mhibiting the generation of electricity by
SMFCs with biogas slurry as substrate. In addition to the analysis of the genus level, it is known
that four genera of hydrolytic bacteria can break down cellulose, protein, and starch chains into
organic micro-molecules, thereby increasing sugar degradation and volatile fatty acids m SMFCs
with biogas slurry as substrate. The dwersity of the genus of microorganisms contained in
SMFECs influences the performance of the reactor because of the different roles of each
microorganism in degrading the substrate (Lu et al , 2019; Reiche and Kirkwood, 2012: Wang et

al.. 2015, Wang et al., 2019b: Zhi et al, 2014

4. Integration of SMFCs with Other Solid Waste Treatment
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Solid phase microbial fuel cells (SMFCs) seems to have many potentials when compare to other
solid waste treatment, This technology only needs relatively small energy input for supporting
chemical reaction in cathode. Moreover, air-cathode MFCs does not need a supply oxygen since
1t 15 provided by its system configuration. SMFCs produce a less sludge as an anaerobic power
generation system and convert organic matter into direct electricity and bichydrogen. The
processed organic matter could be a mature compost and fertilizer, The used electrode could be a
soil conditioner, to increase the fertility of soil. It is also producing a less emissions such as CH,,
CCy, NHs, NO. The same characteristics can be seen in the anaerobic digestion which has the
same processing stage as SMFCs. Aercbic composting needs a lot of energy for aeration and
mixing and only produce compost with excessive amount of leachate. This type of composting
also procduces a significant amount of odor and VOO which interfere the environment. While
meineration has many benefits for treating solid waste, 1t also generates dioxin and furan
{especially when is working with plastic-based material), CO, and N,O. If the mcmeration 1s not
controlled properly, the emission and byproduct (fly and bottom ash / slag) may harmful for the
envirenment.

Table 2 Comparison of SMFCs with other conventional solid waste treatment

Typically, maximum energy generated from MFCs treating food and organic waste (in the form
of liquid fraction'hydrolyvsate) 1s around 0.28 — 0 78 MIke COD (Xin etal, 2018: Xiao and He,
2014). The total enerey can be higher until 1t reaches 2. 48 MIke of COD when MFCs are fed by

anaerobic sewage sludpe and 3.52 MIke of COD by food waste hydrolysate (Wang et al..

2013b: Xin et al.. 2019) That energy values may lower, especially when it 1s compared with

other waste to energy (WIE) technology such as incineration which can result in energy values
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ranging from 3.60 MI/kp to 6.00 MIko of food waste (Carmona-Cabello et al.. 2018; Chen and

Christensen. 2010). Althoush the MFCs energv generation seems promising since only 8 to 12

SMFCs systems might achieve the same enerpy output as combustion. the energy generation
sustanability 15 doubted compare to thermal processimg technologies such as memeration. The
condition will be more challenging when SMFCs is implemented to process the solid fraction of

municipal waste, The maximum electricity generation from solid-phase MFCs is relatively small

and amounted to 0.072 Ml/kg of food waste, as reported by Mogsud et al. {2014). This condition

1 related to its mass transfer limitation. which resulted n the low electricity generation of

industrial scale. At the pilet / industrial scale. MFCs reactor must be constructed in a minimum

dimension to ensure the power per unit area of the electrode or reactor volume 1s lower. mala

reactors {Greenman and Teropoulos, 2017). This limitation might be solved by integrating other

waste processing technologies.
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Dark fermentation (DF) s a technology commonly used to recover bio-hydrogen from mgh

1o recover one third of the total theoretical eneroy that could be recovered. The combination of

microbial fuel cells and microbial electrolysis cells (MFC-MEBEC) to weat DF effluent could

merease bioenergy production. MFC could support MEC's energy needs for converting substrate

into Hp, as well as direct electricity for the system as a whole (Chookaew etal, 2014) Inereased | Farmatted: Subscript

power density in MFCs also resulted from the use of dark fermentation effluents where the

maxmum power density increased to 4 times more sipnificant based on research conducted by

Varanasi et al (2017). The combination of DF-SLS (Solid Liquid Separation}-MFC can also be

used to treat cellulose waste such as swine manure and rice bran. As a post-treatment of D and

efficiency will also incresse due to higher depradable COD available from DF and SLS

explored more intensely to get better svstem durability and sustainability.
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X et al. (2018) showed that the amount of electric power generated by MFCs is greater than by
anaerobic digester (AD), This finding can be attributed to the fact that the AD process requires a
longer residence time than the MFCs technology. therehy affecting the size of the reactor used.
The MFCs reactor can be 5.5 times smaller than the AD reactor. The MFCs application 1s
considered to be more practical, more environmentally friendly, and more economically feasible
in terms of electricity conversion and production costs than AD. The MFCs is expected to
become a solution for processing food waste that ensures the rapid recovery of resources and
electricity sources by not producing any other waste. Strengthening Xin et al. (2018) proposed
scheme, Antonopoulou et al. (2019) also proposed a food waste management system, using an
mtegrated biochemical process. Food waste is grinded and heated (as waste pre-processing
system) then carbonaceous COD 15 extracted to produce two fractions of product. liquid and
solid fraction. The liquid fraction is processed using MFCs continuously and the solid fraction 1s
processed using anaerobic digester. This scheme 1s considered to be applied in pilot scale
because it produces more energy recovery value of 12.32 MIkg of total solids (TS), or almost
comparable to the masumum net calorific value using various types of combustion, amounting to
18.09 - 18.38 Mlkg T5. The total energy produced from MFCs and anaerobic digester are still
positive, especially to cover the pre-processing energy needs of 8 MIkg TS (Antonopoulou et
al.. 2019; Wang et al., 2013b: Xinet al., 2018). This energy balance can still be reduced 1f it uses
cheap and energy-friendly drying technology such as bio-drying or low-cost decanters to reduce
the excessive amount of water content in the food waste (Velis et al, 2009} In case of
integration with sercbic composting, the leachate can be processed using MFCs for further
substrate conversion. The generated energy could be used as self-supporting system for aerating

the compost pile. In other hand, MFCs itself can be directly treat the organic fraction of solid
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waste without the help of anaercbic and aerobic composting. However, this option is not feasible
since the energy generated is lower and need further investigation to enhance the productivity of
electricity. Figure 3 shows the proposed mechanism for integrating other solid waste treatment
with SMFCs.

Figure 3. SMFCs and other solid waste treatment achieving sustainable energy production

{modified from Antonopoulou et al. {2019) and Xin et al. (2018)

5. Conclusions

SMFCs are an alternative technology of generating electricity that is environmentally friendly
and sustainable, Various studies have been conducted to determine the optimum configuration of
the MFC reactor and its development potential to generate electrical energy. The various factors
that affect the performance of SMFC reactors, such as substrates, electrodes, microorganisms
mvolved, and reactor configuration, need to be further mvestigated. The presence of separator
and electrode distance used in the SMFEC reactor are important to determine sinee it is related to
the electron and proton transfer. Masgs transfer process is also important in a solid phase,
ensuring the microorganism can breakdown the substrate properly. Therefore, this limitation may
be further studied, and finding the best configuration system may enhanced the electricity
generated by the SMFCs. Integrating this technology with other solid waste processing system
could be possible and reliable, since SMFCs itself has many limitation. The proposed system is
combining the preprocessing system, anaerobie dipestion. composting, and also SMFCs in a
sequential system. After solid waste processed by using pretreatment technology. solid waste is
sending to composter, both in anaerobic or acrobic composting system. Then, the leachate, slurry

or hydrolysate from the process may be treated by using SMFCs, The direct electricity can be
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used as alternative energy sources for other treatment needs. SMFCs also could be used as a
single solid waste treatment, but the efficiency may be lower than the proposed system instead

and not feasible for feld application.
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Table 1 Recent studies related to improvement of MFCs performances treating wastes

Substrate Electrode Separator Bacteria Operating System Maximum References
Fhase Configuration  Power Density
Anode Cathode

Houschold food Graphite  Mno, Nd Mixed anacrobic Liquid Single 11800 mWim®  Antonopoulou
waste (glucose) sranules microbial culture chamber per anods etal. (2019)
hydrolysate working volume
Organic fraction  Graphite  Graphite  Membraneless Lactobacillaceae, Solid Single 175 mWim' per  Florio et al.
of municipal plates plates Bacillaceae, Clostridia, chamber anode speeific  (2019)
waste and surface area

Psendomonadaceae,

with Psentdomaonas

deruginosd
Food waste Carbon Plain Nd Moheibacrer, Liguid Single 173 mWim® per  Xinetal.
hydrolysate brush carbon Azespirillum, chamber tolal working {2018)

cloth Geobacter, Petrimoncs, surface area

Alicyeliphilus,

Rhodovocous,

FPseudomonas
Vegetable and Carbon Ceramic  Nd Nd Solid Single Nd Nastro et al.
fruit residues fiber disk chamber (2017
Municipal solid Carbon fell, stainless  Oxygen and Nd Solid Dual chamber ~ L817 mWim® Chiu et al.
waste steel, carbon paper, K Fe(CN), per anode (2016)

and carbon plate specilic surface
area

Mix of apples. Carbon Mno, Nd Gammaproteobacteria Solid Smgle 5.29mWim per  Khudeari et al.
lettuce, green felt and Baciili chamber anode specific (2016)
beans, and soil surface area
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Substrate Electrode Separator Bacteria Operating System Maximum References
Phase Conliguration Fower Density
Anode Cathode
(potting mix)
Dewatered sludge  Graphite  Titanium  PEM (Mafion  Electricigens, the Sohd Dual chamber 5,600 mW/m® Yuetal (2015)
fiber wire 117.Dupont  commen fermentation per anode
Company) hacterial colonies working volume
Kitchen and yard ~ Carbon Carbon Nd Solid Single 302mWim'per  Mogsud et al.
wastes fiber fiber chamber anode specific (2015
surface area
Vegetable and Carbon fiber Soil 1 Mixed bi Solid Single Nd Logroiio ct al.
fruit wastes carbon microbial culture chamber {2015)
Rice husks. Carbon felt Nd Nd Solid Single 4.6 mW/m' per  Wang et al.
soybean residue. chamber anode specific (2015)
coffes residue, surface area
and leat mold
Wastes from Tin- Coil Soil-activated  Mixed anaerobic Solid Single 47.6 mWim'per  Karluval et al,
compaost facility  coated spring carbon microbial culture chamber anode specific  (2015)
copper surface arca
mesh
Kitchen garbage  Carbon Carbon Soil-activated  Mixed anaerobic Sohd Single 6 mWim'per  Mogsud et al.
and bamboo fiber fiber carbon microbial culture chamber anode specific (2014
waste (glucose) surface area
Food waste Brushes  Carbon Nd Mixed anacrobic Liquid Single ~556 mW/m’ Jiact al. (2013)
hydrolysate cloth microbial culture chamber per anode
specific surface
arca
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Substrate Electrode Separator Bacteria Operating System Maximum References
Phase Configuration Fower Density
Anode Cathode
{irass cultings, Carbon Carbon Filler paper,  Nd Solid Dual chamber 324 mWim per  Mogsud et al.
leal mold, rice fiher [iher cellophane, cathode specific  (2013)
bran. oil cake. and and PEM surface area
chicken dreppings
Sewage sludge Carbon Carbon Proton Mixed inasrobic Solid Single 381 Wim'per  Wang et al.
felt and felt and exchangs microbial culture chamber anode working — (2013b)
rod rod membrane volume
Rice huoll, bean Carbon Carbon Nd Nd Solid Single 264.7 mW/m' Wang et al.
residue, and felt felt chamber per anode (2013a)
around coffee specitic surface
wasles area

Nd: Not defined
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Table 2 Comparison of SMFCs with other conventional solid waste treatment

Solid Waste Treatment  Encrgy Input Products Byproducts  Hmissi References
Solid Phase Micrabial Half agration in - Blectricity Less shudge  CH,. OOy, NIL, N0 Lietal, (2020)
Fuel Cells cathode and - Soil conditioner
ignored when - Compost
working in air- - Fertilizer (in slurry
cathode phase)
Mixing (if - Biohydrogen
NECCESAry )
Acrobic Composting Full azration Compost Leachate Chdor, 0. CHy, Rincon et al. (2019)
Mixing VOO, NHy, NGO Smith and Aber, (2018)
Bermstad and la Cour
Jansen (2012}
Anaerobic Digestion Mixing (if - Fertilizer Less sludge CH,, CO;. NH.. N,0 Santos et al, (2020)
necessary) - Biogas Rincon et al. (2019)
- Seil conditioner

Incineration

Full agration

- Non-dirget clectricity
(from hcat)

- Compost

- Heal/sigam

- Electricity

Ash and
slag

Dhoxin and furan (if
the waste containg
plastic-based
material), COy N0

Assi et al,, (2020)
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Final version of manuscript after Proofreading

‘Waste Valorization using Solid-pPhase Microbial Fuel Cells (SMFCs): Recent Trends and

Status

Abstract

This review article discusses-the (lie use ofuse efsolid waste processed in solid-phase microbial

fuuel cells (SMFCs) as a source of electrical energy-sevice. MFCH a typically ¢

the hiquid phase because of the ease of the jon transfer process is efficient in liquid media.
Nevertheless, some researchers say-have considered that the potential for MFCs in the solid phases
(particularly for wreating solid waste), -This hasis-alss auite-promiseing if several important factors

are_opim

1. such as the type and amount of substrate. microorganism community. system

configuration, and type and number of electrodes, wi

hare-eptimized, thereby increasesing the

amount of electricity generated. The critical factors that affectsine the SMFCs performance is the
efficiency of electron and proton transfer through solid media. However, this limitation may be
overcome by electrode system enhancements and regular substrate mixing, bx-the-stherha Trd
the integration of SMFCs with other conventional solid waste treatments could be nsed to produce
sustainable green energy. Although SMFCs produce relatively small amounts of energy comparad
willi-skas other waste—-to—energy treatments, SMFCs are—s still guite-promising to achieve =2
zero-emission treatment. Therefore, this article is-expected to-addresses the challenges and-also
fills the gaps in-1n SMFCs research and development.

Keywords: aaerobic digestion, compost, mass transfer, microbial fuel cells, solid-phase

1. Introduction
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The increaseing of municipal solid waste generation is an issue faced by almestnzarly all countries

s-theworid, due to as-inereasethe expansion of4s industrial activities and global development.
Indeveloping countries, almost 90% of municipal waste is ttansported directly to landfills dieectly
(Barik and Paul, 2017). This waste management activity even-contributes 5% tote the total global
greenhouse gas emissions-by Ste-compared-to-ttal werld sreenbouse gas-emissions. Recycling.
effective waste treatment. and sowrce-segregation are the swdsprimary strategies is-to reduceiss
emissions and envirommental impacts due to increased waste generation (Florio et al., 2019).

‘Waste is considered to stil-have a-relativelv large-eneugh energy content such that-—se waste~to-

energy is considered 8 viable ene-of-the-altematives —that-is—ceonsiderad-(Chiu et al., 2016).
Composting and anaerobic digestion are biological treatment technologies that have been used and

explored masstely-ex rely in various countries (Yu et al., 2015; Xin et al., 2018). However,

supply. which could -apd-may- produce a-huse vast amounts of leachate (Chu et al., 2019).
Anaerobic composting, which is commonly known as anacrobic digestion. can be an alternative
M sRecent serksresearch has shown sevested-that anaerobic digestion has many constraints.
such as a long residence time, relatively-a low purification of biomethane and its conversion to
eleciricity, snd many-a variety of safety issues, which makes this technology eannot be-gan im

perfect solution for zero- discharge treatment (Xin et al,, 2018).

Recently. microbial fuel cells (MFCs) is—were found as-fo be an alternative treatment festo

generateing electricity from waste (waste valorization) without intermediate treatment steps
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asbecase anaerobic digestion does by utilizesing elewogmickamdnﬁlilic]{ icroorg:
et al., 2018).Bdealeetzic-The bioclectric energy of MFCs+s dependsise on the electron transfer
process and biodegradation efficiency of solid waste (Soug et al., 2015). Many researchers use the
terins lenn efsolid-—phase MFCs (SMFCs-/-SPMFCs) (Losrona-et-al2005 Wang-et-al-2015:

Meohan-et-al—204-4for MECs that convert solid waste into electricity (Logrono et al., 2015; Wang

eta

2015; Mohan et al, 2011)); however, some and-a-fow-ofthemres

rehiers nse the termss of
compost MFCs (¢MFCs) (Khudzari et al., 2016) craad biogas slurry MFCs (BSMFCs) (Wang et
al.. 2019aHtoname MECs which converting solid waste into electrieity. Solid-phase microbial fuel
cells (SMFCs) are one of the developments in MFCs technologies- that can be applied to solid

waste, sid-These are claimed to be-sbleto-aceelerate the process-efanaerobic waste degradation

(Duetal,, 2007; He etal,, 2017). Moreover, (heir#s capability to generate electricity direetly makes

them s—it-an direct ive source for remewable energy-seuree, which Das attractedieg

considerable attention from researchers (Do et al., 2018; Escapa et al,, 2016; Xia et al., 2018). In
addition, solid waste whiekisnsed assubstrate alss-makes SMFCs—e-be an alternative method
forto overcomeing the problem of solid waste treatment because it uses the solid waste as a
substrate lote provide an environmentally friendly and sustainable source of electrieity (Gude,

2016; Yasri et al., 2019), Thereforens, SMFCs are considered to-be-capable of addressing multi-

sectoral problems sieeas sfthey can be integrated with ofher processing waste treatments. such as
aerobic composting or anaerobic digestion (Kadier et al., 2016; Logan, 2009: Trapero et al., 2017,

Utomo et al.. 2017).
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Over the lpast five years-aloss (2016—-2020-s5-asticlednpress), 2,499 review articles, 1.193 book
chapters, and 1,513 research articles relating to the utilization of MFCs in various treatments havs
been published based on —werefound-on-sciencedirect.com (beyond other scholarly databases).

NeverthelessHowever, there are limited finding-articles that-diseussabout the use of SMFCs for

comprehensive solid waste management 15 quite difficult. Rahimnejad et al. (2015) explained in
detatlthe application of MFCs to psecesses—at-anodes—cathodes_processes.: proton transfer
processes through cation exchange smembranes, anion exchange smembranes, or bipolar
membranes.: the production of bichydrogen, bicelectricity, and biosensors: and wastewater
treatment. Information abestconcering advanced developments in the use and manufacturing
al. (2019). Meanwhile, Zhang et al. {2016} and Khudzari et al. (2016) used bibliometric methods
to measure the extent of global research trends, explicit research, and developments regarding
MFCs using the based on the Scopus and Web of Sciences databases. or in several specificatly in
several-journals, which are the main platforms of MFC progress reporting. However, to the
discussinges, andor -providingss a-detailed descriptions of the development of SMFCs for treating
solid waste. The factors that influence the performance optimization of the performanee-of the
SMFCs reactors, ss mentioned previouslvbelore. need to be further mvestigated through various
in-depth and comprehensive studies. This review article was written to better mnderstand and
analyze the technological basies of SMFCs and their influential factors that-influence-it. as-well
asIn addition. potential obstacles are considered that may be encountered in the future swith s

further development toward industrial commercialization. Through tlas-artielewe eneollate the
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results of recent studies that have been ducted-fo-on the eptimize the-performance optimization
of SMFCs.-asd #=-their possible integration and essmpasatienc omparison with other technologies.
as-weall-asand the various improvements needed to enhance the results of genesating-electricity

generation using SMFCs are- collated throughout this article.

2. Fundamental Process of au SMFC
An SMFCs is a technology used to generate esvisenmentali-cco-friendly electricity from biomass
by utilizing microorganisms (Garita-Meza et al., 201&; Mikinen et al.. 2013; Pushkar et al, 2016).

SMFCs employ the bioslectrogenesis capability of microorganisms to utilize organic compounds

as electron Acceptors fo where generale energy-is-senerated f-the proeess. This system directly
harvests the energy generated by—from the microorganisms éireetly—without the need for
combustion (Calignano et al.. 2015; Minutillo et al_, 2018; Nastro et al., 2017). In gGenerally, the

chamber, which are separated by-vath specifiede membranes. The cathode is a chamber whickis

full of oxygen: where protons witlsneve feward th hodeehamber collect to form water

maolecules (Logrofio et al., 2016a; Moqgsud et al., 2013). The two electrode chambers are separated

by a mediating membrane as-a-rediatoreapable-stmeringthat allows protons 1o pass from the
anode-to-the eatheds; and transferring electrons between the two electrodes: and-wlnle inhibiting
the entry of oxygen into the anode. However, there are-also SMEC: thatsome SMFCs do not use
membranes and rely only on the distance between the two-electrodes (Logrofo et al, 2016a;
Logrofio et al.. 2016b; Mohan and Chandrasekhar, 2011). Figure 1 genesaliy-illustrates the general

processes that occwr in e SMFCs,
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Figure 1. Schematic iflustration of the SMFCs process (Modified from Nastro et al,, 2017 and

Logrofio et al., 2015}

Chernical energy present in fhe-organie waste will be oxidized by microorganisms in the anode
chamber. Microorganisms extract the energy nesded to build biomass through the metabolicsm
process (Palanisamy et al., 2019). The effectiveness of the SMFCs reactors is influenced by several
factors, such as the oxygen supply and consumption in the cathode chamber, oxidation of the
substrate in the anode chamber, electron transfer from the anode chamber to the anode surface,
and the proton exchange membrane (PEM) permeability (Rahimnejad et al., 2015: Sharma and Li.

2010). In other cases, circnit connections isare slsa-important to-uete-sies-as (Neyvit-ean increase

2.1. Process in the Anode

The anode chamber is an important component of SMFCs. Microorganisms that play a role in
substrate degradation and electron production attach to the electrodes in the anode chamber-_ which
The process ocow's at the anode under anagrobic conditions, The presence of oxygen in the anode
chamber eas—inhibits the generation of electricity by the microorganisms. In addition—te—tse
electrodes and mioroorganisms, there are also substrates and mediators in the anode chamber. The
general reactions that oceur at the anode are ss expressed in Equation (1)

Artive miciroorganisi

Biodegradable organics — €0, + H  + e” (1)

Anaerobic environment
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The microorganisms present in the anode act as catalysts capable-ofthat breakisg the substrate
ito simpler molecules, This active biocatalyst {s—sbleto-oxidizes the substrate and produces
electrons and protons. The resulting protons are forwarded transmitied to the cathode via the PEM.
whereas the electrons are farwarded-transinitted soalong the external path (Antonopoulon et al.,

2010; Du et al,, 2007; Ghasemi et al., 2013; Rahimnejad et al., 2015; Rahimnejad et al., 2011).

Figurs 2. Working mechanism of the electrodes and separator in SMFCs (Mmedified from

Mohan et al., 2014)

Modifications to-of the aode material used as-ananode nfluences the performance of the SMFCs

reactors. Previous smdies have showned that the nuse of different electrode materials at the anode

generates differentvarious amounts of electrical energy:—tius, which #-esn-affects the overall

performance of the SMFCs reactor. Widely used mMaterials ilat—me—widely-used-aremclude
different forms of graphite carbon-in-different shapes, inchiding:inchiding a fiber brush, cloth, rod,
paper, and felt because they each have a #-high conductivity and-a large swface area (Cercado-

Quezada et al., 2010; Ghasemi ef al., 2013; Liet al,, 2019; Sharma and Li, 2010; Xin et al,, 2019).

2.2, Processes in the Cathode

The cathode and anode chambers in the MFC work continuously to generate electrical energy-that
ean-beutilized, Protons move from the anode chamber to the cathode chamber through the PEM,
which refines the electric current.

0.+ 4H' + de~ — 2H,0 (2)
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Radical oxygen produced in the anode chamber (Equation (2)) moves to the cathode chamber and
o forms water that spreads on the cathode with the help of a catalyst. Equilibrinm can be reached
af-thebasis-of based on eEquation (2) by connecting the cathode and the anede with external cable
cormectorsiens. The-perfomnsnes of MFCs performance on the cathode s different from that on
the anode. The concentration and type of electron receiver, availability of protons, performance of
the catalyst, electrode structire, and capability of the catalyst all affect the cathode performance
efthecathode, The availability, strong oxidation potential, and nontoxic end products of oxygen
make it a suitable electron acceptor for the cathode chamber. Ssome cathodes are configurad by

placing one side of the cathode in direct contact with the cathode chamber azdwhile the other side

15 in direct contact with free air.

2.3. Process in Separator or Membrane

aﬁ@imug&—nwmbmeEML-. a porous ceramic: clayware membrane (Yousefi et al., 2017).; and

electrode distancinge (bw—configuredine the placement of electrodes) (Mogsud et al., 2017).

electron acceptors can induce bioelectricity in SMFCs. The prasossaschansa smambeana (PENMY or
other separators in SMFCs. (which not only physically separates the cathode and anode chambers.
but also prevents the transfer of dissolved oxygen contained in the cathode chamber to the anode
chamber) se-that-maintain the anaerobic conditions in the anode chamber esn be mainteined
(Ghasemi et al.. 2013). The separators or PEM can facilitate the transfer of protons produced in
the anode chamber without the transfer of the substrate asd-or oxyzen to the cathods chamber. The

follewang may-oeeur- Wwhen the PEM is not applied in SMFCs, = the displacement of the oxygen
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and substrate can result in o decreased cCoulombic efficiency (CE) and microorganism activity,

which has-a-dramaticallv eaffects e=-the system performance and stability. Thehiskiy cost of PEM

shifted attention researchers—looking for-fo_alternative separators -

}-CEM miakes FOF- 1 —{ Commented [DDS]: Pizase adhers to the acronym

L gonv_emlq!‘sthm}_g_ ho_uqme manuscript,

sibstibution. Porous clays, such as novel porous clay earthenware (NCE), could produce higher
power outputs compared to the use of PEM as aclectrode separator (Daud et al., 2020}, Therefore:
the-higher-the-thickness-af-the-pPorous clay with a larger thickmess: zenerates lessihre-lower-the
power sessrationproduced-byin the SMFCs, Fhe differenceofthetThickness differences can
change the hydraulic pressure and alse-the transportation of fluid through the SMFCs system. The

flow of ions will also be slower wheswithshe thicker clay membranes isapphed(Jimenez et al.,

2017,

3. Factors Affecting the SMFC Performance of SMECs

Electricity generated by SMFCs is influenced by various factors, such as the electrode material,
axe-type of membrane-wsed, salinity, sud-alkalinity, type of waste, and composting factors: such
as the pH and C/N ratio. Mogsud et al. (2013) stated that SMFCs with a good performance havss
a low internal resistance and a high electromotive force. Table 1 shows some of the optimizations

that bave been-made to increase the amount of electricity generated by SMFCs.

Table 1 Recent studies related to improvements efin MFCs performances when treating wastes

3.1 Substrate
Substrates or materials used as organic sources for SMFCs can use various types of wastes that { Commented [DDB]: pleass not= that it s unclear what

| thesewastes are of how they are related. Consider “such as
contain high organic matter. such as kitchen and bamboo-wastes. The voliage generated bykirchen /| from food and bamboo processing® f it does nat change the

| Intended meaning. If accepted, please update “kitchen
| waste” with “food waste” throughout the entire
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waste rapidly-increases rapidiy in the initial phase and gradually becomes constant-at-stabilizes to

#hea voltage of 620 mV. Comversely, in bamboo waste, the generated voltage sesersied-gradually

inereases to 540 mV, This finding is expected becanse some fiuits in kitchen waste contain large

icanl amounts of glucose. AsraAdequate suppliesy of ghicose setivates bacteria and produces
a higher voltage (Mogsud et al, 2014}, Utomo et al. (2017) used sludge originating-from a
communal waste weatment plant thal-bes-a- of different ages. They observed that the stress
generated at the anode with fresh sludge material bas—=-1s a higher value than that with stored
shidge material. Xin et al. (2019) determined the effects of the complex compounds (ghicose.
sodium acetate, and food waste hydrolysate) used in MFCs aa-thewhen producingtion efelectrical
energy. The electrical density produced by the MFC reactors with #-food waste hydrolysate as a
substrate was higher than that-with glucose and sodium acetate. Wang et al. (2013a) obtained a
higher power outputs using different substrates. With an adequate supply of ghicose, complex

substrates 1ich in monosaccharides, organic acids, and other micro-molecules can be used directly

whilized-as the SMFCs substrates so that bacteria become more active and generate higher stresses

(Pant et al.. 2010: Wang et al.. 2019a). Similar results were obtained by Jia et al. (2013) and Li et

fasprof mixed carbon rather than a single carbon type-efearbes.

Tip-di ffesent studies: Bbiogas slurmiesy shave also been used as a substrate for MFCs (BS-MFC).

Biogas slurry as waste from bingas technologiesy that has been widely applied and is considered
to cause new problems. Biogas shutty is tich in monosaccharides. organic acids, and other micro-
melecules that can be directly utilized as MFC substrates (Pant et al., 2010; Wang et al., 2019a).

Wang et al, (2019a) found that microbial acelimation was achieved on the 10" day at 150.4 = 14.6
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m%, The second cycle, which was conducted with-the by addiinztion of substrates, showed a
voltage of 622.7 + 30.3 mV" on the 20 day - This indicatesing that biofilms were formed at the
anode. The accumulation of electrical voltage in these three cycles reaches its maxinum value and
1s stable for a sufficiently long period-of tie. However, the BS-MFC hydrolysis reaction and the

prociuetion of 4.1% (Wang et al., 2019a).

In-different studiesrRice husk, soybean residue, coffee residue, and leaves were-have also been
used as sul)strateg.i The choice of substrate is based on the namre of each substrate as shasithoses
rich in cellulose and biopolymers audianre asideal sources of organic matter-ssd the-ahundanee

af—smms,[Rice husk can inerease the hydraulic conductivity and porosity esof SMFCs reactors.

enzymes to the substrate increases the power density by a factor of up to 8.5 fiesand can decrease
the internal resistance by 31% (Wangetal.. 2015: Wang et al., 2013b). SMFCs that use solid waste
tend to have higher levels of chemical oxygen demand (COD). Afn-the study conducted by
Sanmdro et al. (2018)—<hke determined that leaf waste, which had a COD sestestof 16.567 mg

COD/L, had a higher COD removal efficiency of up to 87.67% and a more stable power density

of 4.71 mW/m? compared with canteen and mixed wastes. However, in this study. high levels-of

of COD do not lead to a high COD removal efficiency and or a high-power density output. Thus,

Tthere 15 some optinmm COD levels thatean leads to high power densities.
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The Bigeest greatest limitation of microbial processes in solid phase ecosystems is the substrate/
mass transfer rate (Rahimnejad et al., 2011). Transfer resistance wouid-beis higher sipea-when the
absence of a sufficient solution to homogenized the distribution of the substrate to microorganisms
erdalse-orthe electrons to fie electrode. Reduecing (e electrode distance may increase the rate of
electron transfer, but some other problems occur in this case, such as the-an increaseding of oxygen
penetration and active surface electrode. which leads to the o decreaseding power output (Sharma
and Li. 2010). The Wwater content is the other critical point tesete-when working with SMFCs.
Ideally. & 60% afdistributed moisture will malke allow the process {0 ocour in #-good conditions
(Wang et al., 2015}, As many SMFCs reactors s=eslias operate in the gravitational direction effor
electrodes, tlie anode chamber will bais flooded and exceedsed 60% of the moisture content soon
after the process is—weslingbezins, The use of Xanthan 80 SF can significantly improve the
performance of the SMFCs reactor because 1tthe naturallye sf Xanthen #0-5F is-able to-maintains

moisture in the compost and preventreduces the effects of gravity so that water does not

accummilate at the bottom of the reactor. Therefore, (he cathode chamber will dry and decrease the
proton transfer rate. which sake-causes a lower power production. In this case, a drainage and
circulation system may beuseful forto maintainiiz the power production. This findineis expected
because the moisture in the compost is reduced. which #-fus-inhibits the compost decomposition
process and decreases theits microbial activity,. thereby- Tlns mhibitsing jon transfer and energy
production. These results indicate that the use of Xanthan 80 SF can increase the amount of
electricity generated and extend the period of electrical energy release (Wang et al., 2017; Samudro
etal., 2018). Li et al. (2019) tried to-solvinge the transfer rate problem by using biochar amendment
in soil. which has a limited water content. Biochar could increase the electron transfer rate and

kineties because of the presence of an electroactive surface. The addition of biochar alse can also
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support microbial colonization and increase the rate of biodegradationprocess. Therefore,
knowing the optimalizaties afbiochar mass tharwill-bensed-is important sises-as biochar may

decrease the electrical conductivity beeanse-dus to ofits ability to adsorb ions in soils.

3.2 Environmental Factors

In addition to the type of wasie-or orgamie solid waste used, the degree of alkalinity (Mogsud et
al.. 2013} and the amount of waste used as a substrate also determine the geperated ameustof
electrical energy thatcan be generated (Samudro et al., 2018). Large amounts of waste can provide
substrates and nutrients for microorganisms that will increase the specific energy. The addition of
alkaline materials can also increase the electrical power output efitomn SMFCs. The addition of fly
ash. for example, producesd a maximum electric power per cathode surface area of 54.4 mW/m™..

Fhisvahte wh

115 two times greater than that of SMFCs without fly ash sdditien(Mogsud et al..

2013).

The pH plays a vital role in maintaining the performance of solid-phase microbial fuel cells, The
substrates: thus—ro produce bioelectricity (Jadhav and Ghangrekar, 2009). Higher electricity
production can occur in a neutral pH range because of excelectrogens, like the neutral
environmental conditions (He et al.. 2009). A Llow pH eendition-whiekis verv likely te-oceusin
the anode chamber, and -can cause the soluble metals to be-precipitated, therebywhich coversing
the cathode’s layer and inhibitsing the transfer of electroms to the cathode. and protons to the
membrane/separator (Makinen et al., 2013). An increase (decrease) of the pH in the cathode

(anode) chamber's pH and a-decrense-in the anode ehamber's pH-or pH splitting can oceur when
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a separator or PEM in the SMFCs is available. This may ssk-might-ocowr sinee—as the
membrane/separator cannot effectively transfer theprotons to the cathode chamber and electrons
to the electrods (Rahimnejad et al. 2015). The biggest greatest SMFCs issue is the mass transfer,
including the transfer of protons and electrons in a solid-state system (Chiu et al., 2016). Mixing
is essential to ensure the uniformity of the mass transfer, thuswhich prevents the pH splitting

between (he anode and cathode chambers (Nastro et al.. 2017).

Another composting factor that iscensiderad fe-may affect the reactor performance of the seacte:
is the water content in the SMFCs material-ssed. The power density produced by the SMFCs
reactor is measured to-as beinghe high in the substrate. which has a high- water content. The
maxinmm measured power density is 17.74 mW/m® with a water content of 60%, swith-four times
the mixing frequency, and a C'N matio of 30:1. The range-of water content range that allows the
reactor to operate at its optimum is 40%te—60%. Another study showed that the ideal water
content for SMFCs was 60%:, meanwhilewhile. at-a water content of 40%._mlubits the

fermentation process and microorganism activity swesednhibited (Wang et al., 2013a; Wang et al..

2017). Before the research was conducted, the macro- and micronutrient content, C/MN ratio, and

water confent were determined to ensure that the peeesssof genesaninselectrical energy gene

on
and malang-compost creation rms-are optimally (Ganjar et al., 2018; Wang et al., 2015). The C/N
ratio of 31:1. water content of 60%, and pH of 68 are knows le-ensure optimalien performance,

indicating that SMFCs can be integrated into the composting process.

3.3 Electrode and System Configuration
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TaA study conducted by Mogsud et al. (2013). the used f bamboo charcoal with iron wire as
aathe anode material and produceds the highest electrical voltage compared with carbon fiber
alone aazdor carbon fiber with iron wire. The electrical voltage generated in the reactor with
bamboo charceal electrodes with iron wire reacheds 420 mV, whereas that in the reactor with
carbon fiber withand fron wire reacheds 260 m\" after 3 days-of research, Theiris study showed
that the addition of ron wire slightly increases the electrical voltage. TheA maximum power
density of 394 mW/m’ iswas achieved in reactors with carbon fiber electrode material. This walue
is higher than that achieved in reactors with bamboo charcoal, which has only reacheds 8 mW/m®
(Moqsud et al., 2013). This Ssding-can be attributed to the fact that the contact e£biomass with
electrodes is higher in carbon fiber than that in bamboo charcoal. Although bamboo charcoal is
material because its wavy shape causes low biomass contact. In addition. the performance of MFCs
in generating electrical energy will-be-is inproved ifthe surface area of the electrodes is increased
with respect to the reactor volume (Nastro et al., 2017). In another study, a double anode with
graphene material sswas used because svaphenait is considered to have a larger surface area than
carbon graphite (Samudro et al., 2018). Meanwhile. carbon felt was interesting to-be nsed as an
electrode because it is porous and has a large surface area, which a#1se suitable for microorganism

growth, adhesion, and 7 reduced impedance activation (Kim et al., 2011).

Various studies are have been conducted to determine the type of separator that supports the the
optimization of the SMFC reactor sa-thai i terins of the genemted electrical energy generated-can
seach-the eptumyvalue (L ef al., 2018; Mohan and Chandrasekhar, 2011: Wang et al., 2015).

Moqsud et al. (2013) said-stated that the voltage generated by the SMFCs reactors with a
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cellophane separator has the highest valis electrical outpnt k".o_'.'f.l]??’_!.'

reactors with filter paper and PEM. Cellophane is considered to have a lower electrical resistance

value-than filter paper and PEM. The dry swface of PEM is considered to be the cause of its higher
resistance value thancompared with cellophane and filter paper. Filter paper is considered to be
maore permeable than PEM and cellophane. Meanwhile, cellophane is more sasily damaged; thus,
its quality is low and it cannot be reused. In another siudy. a single-chamber reactor was used so
stthat did not seedreouire a membrane sepasater-or other separator material (Mogsud et al., 2014},
However, it is also known that the application of PEM can increase the intermal resistance. Movel
posens—elay—Thus, various studies have comsidered beenconduciedte—make different reactor
confignrations to suppress the MFC internal resistance vehies, for examplesuch as: single-chamber
MEFCs. up-flow MFCs. and stacked MFCs (Rahimnejad et al., 2015; Rahimnejad et al., 2012:

Rahinmejad et al., 2011).

The distance between the electodes in a single-chamber SMFCs can also affect the
amenatgenerated-of electrical energy-generated (Miran et al., 2016; Oh et al., 2010: Mohan et al..

2010}, sandwiched electrodes produceing the lowest electrical power output compared to a system

whishthar haswe a non-zero dist; between theelectrodes. Thea shorter she-distance efbefween

——| Commented [DD8]: Pl=ass ensure the originzl meaning I |
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electrodes (assuming the electrode is located in the middle of the reactor) could produce sreater
more electricity because of the active surface area ensures a lugh greater electrical gradient sinee
as the protons can more easily move to the cathede essiby- (Mohan and Chandrasekhar, 2011).
Therefore, the distance ofbetween eleetrodes can significantly reduce the generated electicity
sigee—as the protons need to move further towards the cathode. This eendittes—means that

determining the optimal distance is essential when working with single- chamber SMFCs. Even
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though the distance between the-electrodes must be kept small, sandwiched electrodes and PEM
can increase the likelihood of substrate transfer from the anode to the cathode and oxygen transfer
from the-air to the cathode (Hassan et al., 2014, Palanisamy et al., 2019; Peighambardoust et al.,

2010).

3.4 Microorganisms

Microorganisms involved in the electricity pensration process hre also considersd an important

factor that 1o improve the reactor performance-of-the reactor. The substrate in the SMFCs is not

the only factor that influencessee the type of dominant microcrganisms that exist in the anode.

These desinani-microorgan at-the-mstode-can also be influenced by the incculum and the

reactor conditions when the-teactor-is-operationalisie (Parot et al., 2009). In-asatherstady-Reiche

and Kirlewood (2012} stated that SMFCs reactors with mixed culture biocatalysts obtained from
three different types of compost produce a maximum electric power density of 12.3 mWrur'.
Mized eulture biocatalysts ablained-from three-different-types-ofThese compost were considered
0 be able to enrich the substrate and exoelectrogenic activity. The efficiency of electron transfer
that-eccurs-in SMFCs can be influenced by the selection of biocatalysts-to-be-wsed. Ton and
substrate transport through solid media is an important factor that influences the performance of
SMEFCs. If thoese transports 1sare slow, then the electrochemical reactions are reduced. Therefore,
transport systems in SMFCs becomeing critical siee-ss the water content is limited, In fhat-this
case, Maintaining the water content in optimum condition (around 60— 80%9) is necessary (Oliot

etal.2016; Wang et al.. 2017).
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Wang et al. (2019a) stated indicated that the type of inoculum can determine the rate of substrate

decomposition and affect the generation of electrical energy. Ixihisreseareh Tthe dominant genus

identified on the anode biofilm was the genus Pseud (5%). Prevdomonas

lich can

produce chemical mtermediaries that can transfer eleetrons to the electrodes. In addition.
Hydrogenophaga (5%) was the dominant genus identified on biofilms derived from household
wastewater. Thise genms consmmnes H in the anode chamber, thereby and mhibitsine the generation
of electricity bsfrom the SMFCs with biogas slumry as the substrate. In addition te the analysis of
the gemus-level, it is kmown that four genera of hydrolytic bacteria can break down cellulose,

protein, and starch chains into organic micro-melecules: shesebsy—This increasesiss the sugar

degradation and volatile fatty acids in SMFCs with biogas slumy as {he substrate. The diversity of
the gesus-efmicroorganisms genvs contained in SMFCs influences the performance of the reactor
because of their different-various roles ef eselrmiersorzanism-in degrading the substrate (Lu et

al.. 2019; Reiche and Kitkwood. 2012; Wang et al.. 2015; Wang ef al., 2019b; Zhi et al., 2014),

4. Integration of SMFCs with Other Solid Waste Treatment

compared a-with other solid waste treatments. This technology requires only a seedsrelatively
small energy input for- o support thems chemical reactions in {he cathode, Moreover, air-cathode
MFCs does not need an oxygen supply oxvgensipee-as itfhiz is provided by #s-the system
confignration. SMFCs produce a less sludge as an anaerobic power generation system and convert
organic matter o directly into electricity and biohydrogen. The processed organic matter could
be amature compost and fertilizer-, and Fthe used electrode could be a soil conditioner- to increase

the-its fertility-efse:sl. B-This is-also producesing atessfewer emissions, such as CHy, COz, NHi,
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N:0 The same characteristics can be seen in the-anaerobic digestion, which has the same
processing stage as SMFCs. “cAerobic composting seedsrequires a-totefsignificant energy for
acration and mixing and only produces compost with excessive amounts of leachate. This type of
composting also produces a significant ssmeust—efodor and VOCs. which interfere with the
environment. While incineration has many benefits for treating solid waste, it also generates dioxin
and furan. (especially when is working with plastic-based materials), CO.- and N0, If the
incineration is not eentralied properly controlled, the emissions and byproduct (fly and bottom ash
Jslag) may be harmful fer o the environment.

Table 2 Comparison of SMFCs with other conventional solid waste treatments

Typically, the maximum energy generated from MFCs at treating food and organic waste ¢in the
form of liquid fraction/hydrolysate} has a COD is-around 0.28—0.78 MJkg OB (Xin et al_, 2018;

iao and He, 2014). The total energy can be higher until it seackest

iching a COD of 2.48 MIkg
sHCOB-when MFCs are fed by anaerobic sewage sludge anda COD of 3,52 MI/kg e COD-byfrom
food waste hydrolysate (Wang et al., 2013b; Xin ef al. 2019). That-These energy values may be
lower, especially when it-is-compared with other ‘[waste- -to--energy (WtE) technology such as
incineration =%ick—can result in energy values ranging from 3.60 >E=to 6.00 MI/kg of food
waste (Carmona-Cabello et al., 2018; Chen and Christensen, 2010). Although the MFCs energy
generation sees-is promising sinee-as only 8 to 12 SMFCs gystems usghi-may achieve the same
energy output as combustion, the energy generation sustainability is deubted comparsd to thermal
processing technologies. such as incineration. The eondition situation will-beis more challenging
when SMECs ssare implemented to process the-a solid fraction of municipal waste. The maximum

eleciricity generation from solid-phase MFCs is relatively small and amounted to 0.072 MV kg of
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food waste, as reported by Mogsud et al. (2014). This cendition-is related to its mass transfer
limitations, which resulted in thethe low electricity generation of SMFCs. Therefore, theese values
are still en-aat laboratory scales (nore SMFECs inat larger scales).. Thus, whichdsstillin dowbt-that
the process efficiency 1s suspected (o bewali-be much lower than a pilot or even industrial scales.
At the pilot/industrial scale, MFCs reactors must be constructed in-a with minimalum dimensions
10 ensure the power per unit area of the electrode or reactor volume is lower o saking moense
the energy generationdieher, An ideal substrate supply rate can also be provided in smaller sized
reactors (Greenman and leropoulos, 2017). This limitation might-may be solved by integrating

other waste processing technologies.

Darl: fermentation (DF) is aa techaelogycommonly used approach to recover bio-hydrogen from

high cellulose content materials. Tweueh—{Fermentation reactions. ly ze cellulose is
lydielyzed-to hexoses and produces acetate and hydrogen gas (Wang et al., 2011), However, the
DF system iscan only able-to-recover ene-one-third of the total theoretical energy that could be
recovered. The combination of MTC sasiersbial Saeleells and microbial electrolysis cells (MFC-
MEC} to treat the DF effluent could increase the biosnergy production. The MFC could support
the MEC's energy seedsdemands fa+-to converting the substrate into Ho, as well as direct electricity
for the system as a-whele overall (Chookasw et al.. 2014). Increased power density in MFCs also
resultsed from the use of dark{femuentation DF effluents where the maximum power density
becomesmereased to 4 times more significant based on ressarch conducted by Varanasi et al
(2017). The combination of the DF-SLS (Ssolid-Tliquid Sseparation)-MFC can also be used to

treat celinlose waste, such as swine manure and rice bran. As a post-treatment of DF and SLS,

MFCs can improve the energy recovery process in the form of bio-electricity. The MFC efficiency
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will also increase due to the higher degradable COD as available from DF and SLS processes
(Schievano et al. 2016). The potential fe=—to utilizeize imtegrative technology sxshtcould be

explored more intensely to get-obtain a better system durability and sustainability.

Xin et al. (2018) showed that the amount of electric power generated by MFCs is greater than
by o anaerobic digesters (ADs). This Anding cpn beis attributed to the fact that the AD process
requires a longer residence time than ke MFCs technologiesy, thereby—which affectsise the size
of the reactor-used. Thus, Tthe MFCs reactor can be 5.5 times smaller than the AD reactor. The
MFCs= application is considered to be more practical, more environmentally friendly, and more
economieally feasible in terms of electricity conversion and production costs than the AD. The
MFC= is expected to beesme a solution for processing food waste that ensures the rapid recovery

of resources and electricity sewrees—by—whi

Slueibenig Xiseebak (2008} provosed s A

poulon et al. (2019) added to this sehene

byal=e proposinged a food waste management system: using an integrated biochemical process.
Food waste is geindedground and heated fas a waste pre-processing systemy. and thesthe
fractions-faeter. The lquid fraction is contnuously processed using MFC's contimansi-and the
solid fraction is processed using the A Danserebie digester, This sehemeis considered to be applied

im-al the paletpilot-seale beeause it produces more energy recovery value of at 1232 MIkg of

total solids (T3), erwhich is nearly abmest-comparable-that ofte the maximum net calerific value

using varions types of combustion. (amounting to 18.09 —18.38 MTkg TS). The total energy
produced from MFCs and the ADanaersbicdicester ase—is still positive. especially sewhen

covering the pre-processing energy needs of 8 MTI'kg TS (Antonopoulou etal.. 2019; Wang et al..
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2013b; Xin et al., 2018). This energy balance can still be reduced if it uses cheap and energy-
friendly drying technologics.» such as bio-drying or low-cost decanters. to reduce the excessive
ameuat-ef water content in the-food waste (Velis et al., 2009). Incaseof When integratingion with
aerobic composting, the leachale can be processed nsing MFCs for further substrate conversion.
The generated energy could be used as a self-supporting system for-to aerateing the compost pile.
10n the other hand, MFCs #self themselves can be used (o directly trear the organice fraction of
solid waste without the help of anaerobic asdor aerobic composting. However, this option is not
feasible sizee as the energy generated is lower. and This needs firther mvestigation to enhance the
productivity of electricity. Figure 3 shows the proposed mechanism fer-to integratzine other solid
waste treatments with SMFCs.
Figure 3. SMFCs and other solid waste treatments 1o achieveisng sustainable energy production

(modified from Antonopoulou et al. (2019) and Xin et al. (2018))
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5. Conclusions

SMFCs are an alternative technology efio generateinz electricity that is envirommentally friendly
and sustainable. Various studies have been-condpeted to-determined the optimum configuration of
the MFC reactor and its development potential to generate electrical energy. The various factors
that affect the performance of SMFC reactors: include the sweb-as—substrates, electrodes.
microorganisms  involved. and reactor confipuration, which requireseed tobe further
investigationsed. The presence of a separator and the electrode distance ssed-in the SMFC reactor
are important to-delermine-since-it-as (hey isare related to the electron and proton transfer, Mass

transfer processds alse-important in athe solid phase: as it ensuresise the microorganism can

properly breakdown the substrate praperky. Therefore, this limitation may be further studied. and
fnding-the best configuration sysiess-may enhanceé the electricity generated by the-SMFCs.
Integrating this technology with other solid waste processing systems could be possible and
religble. sinee-as SMFCs Meelfthemselves haves many Hmitations The proposed system
sequentiallv is-combinesing the preprocessing system, anaerebic digestionAD, composting, and
alea-SMF Cs—ipa—sacuental svatem, After solid waste is processed bay—using the pretreatment
technology, selid-wwaste-it is sentdine to the composter, both is-anaerobic or asrobic composting
systess. Then, the leachate, slurry, or hydrolysate from the process may be treated by-using SMFCs.
FhedDirect electricity can be used as an altemative energy sources for other treatment needs. The

SMFCs alse-could also be used as a single solid waste treatment, but the efficiency may be lower

than the proposed system #stead-and not feasible for field applications.
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