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Abstract

To face up abiotic resource depletion and other environmental issues as climate change due to usual
fossil-based chemical production technologies, some alternative strategies have been developed using
renewable resources. To produce such bio-based chemicals, renewable raw materials such as cered
crops or vegetables are currently used. To promote an environmental responsible practice, organic
waste could be a relevant aternative to these dedicated crops. BIORARE technology is an innovative
concept based on coupling an anaerobic digestion plant processing with bioelectrosynthesisin order to
produce a range of chemicals from organic waste. Even if bioelectrosynthesis processes are not yet
technologicaly mature; it is appropriate to consider the credibility of this emerging technology in
environmenta terms thanks to an eco-design approach.

This eco-design approach is based on the life cycle assessment (LCA) methodology. A LCA of
biosuccinic acid production thanks to BIORARE technology has been carried out and has been
combined with sensitivity analysis. The aim of this strategy is to ensure that sensitive parameters are
identified and adjusted in order to make the technology the more eco-friendly possible whilst
maintaining good economy efficiency. The present study describes the sensitivity analysis of the key
parameters of the BIORARE technology applied for the production of succinic acid. These key
parameters and their range of variation are chosen according to arealistic strategy allowing the control
of the BIORARE technology on anindustrial scale.

The results show that the current density applied during the bioelectrosynthesis and the hydrolysis
yield during the pre-treatment of the waste stream are key parameters in the optimisation between
production efficiency and the environmental footprint. The environmental efficiency of the process
was studied by applying the eco-efficiency ratio. When the production of biosuccinic acid using the
BIORARE technology was compared to a reference scenario, better overall eco-efficiency was shown
despite some environmental penalties. In parallel, when the same study was performed for bioethanol
production alow efficiency was revealed without environmental penalties.

K eywor ds: anaerobic digestion, LCA, eco-design, sensitivity analysis, eco-efficiency, biorefinery
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1. Introduction

The management of natural resources is a majoc tfdnterest because it affects economic, socidl a
strategic decision making. The way resources aiggbeonsumed generates substantial environmental
concerns (Barnett and Morse, 2013). To lower matikirenvironmental footprint, alternative energy
sources have received special attention in recedwadks. Resource depletion remains a major
environmental issue which can be reduced by usiEgtev streams as raw materials (European
Commission, 2015). Anaerobic digestion (AD) is mew@able energy production following this approach.
It is a natural biological process which biologigalegrades organic matter in anaerobic environment
(Nallathambi Gunaseelan, 1997). The products atkane (CH) and carbon dioxide (Cf) also called
biogas which can be burned to produce heat andrielgc AD is therefore recognized as an
environmental friendly approach to produce greemrgyn Likewise, because of economic and
environmental advantages, biological treatmentiofvaste is of great interest for the productionaof
range of raw materials (Reddy et al., 2018).

In a further development, AD might be usefully cangal with some emerging technologies (Yan et al.
2010; Ras et al. 2011; Fouilland et al. 2014; E$talvarado et al. 2017) and especially with
microbial electrosynthesis (also called bioelegtntisesis or BES) (Beegle and Borole, 2018; Bhdtia e
al., 2018; De Vrieze et al., 2018; Foulet et &@18). This concept it at the heart of the BIORARRBjgct
which seeks to both generate electricity and preduseful chemical products from biowaste. This
biorefinery concept employs a synergistic approacmprising waste treatment (applying anaerobic
digestion) and chemical production (applying BEBY. combining the two processes, BIORARE
technology seeks to overcome disadvantages linketthé conventional production methods through
single anaerobic fermentation, and to produce &uliskemical product and electricity while procesgi
organic wastes. The BIORARE study is based onltgeretical coupling of BES to existing AD plants.
Therefore, the actual system as considered doegenhekist. Consequently, since the process isthase
largely theoretical knowledge (supported by limigtddy made at the laboratory scale), there ised e
establish its likely environmental credibility atfiure full scale installation. To do so, a metblogdy
based on process engineering and coupled with Cifele Assessment (LCA) is necessary. This
approach, referred to as eco-design, enables titoelurction of an environmental dimension in theigies
process which can help direct new processes toveasdstainable system.

LCA is a methodology that allows the quantificatminthe potential environmental impacts of a praduc
or process through its life cycle, following 1ISO0# (2006a) and 1ISO 14044 standards (2006b). The
multicriteria aspect of LCA when applied in reséaend development relating to a new product helps
define the technological challenges with respectthi® environment. Published data regarding the
sustainability of bioreactors technology is rarawséver, Foley et al. (2010) and Pant et al. (2011)
demonstrate the usefulness of LCA on bioelectroatemystems when applied to wastewater treatment.
This scarcity of LCA case studies concerning suuiovative technologies is due to the difficulty to
reconcile the needs of LCA (robust industrial datal system modelling) and the characteristics of a
emerging technology that is not yet fully develogleatk of robust industrial data and knowledge d@bou
the behaviour of the technology). However, thidyedevelopment of an innovative technology is the
right moment to perform a LCA in order to improwe environmental performances because it is still
possible to make strategic environmental choicdsm#dize the technological development (Azapadic e
al., 2006; Tsang et al., 2014). Therefore, thegsaf such LCA are to succeed the system modeidlitiy

few data and knowledge and to produce useful LCulte to identify some strategic environmental
choices. Concerning the BIORARE process, a LCA khbe useful to identify the most environmentally
friendly technological parameters and produced bieoules to ensure the environmental relevance of
this technology in a sustainable context. Somelehgés will have to be met as design issues due to
stream constraints to produce the targeted molesuesensitivity analysis of relevant paramete BES



scale and at AD plant scale. In biomolecule pradaatontext, the design of the system should bedas
on the production constraints (nature and quauwtitpiomolecule). Thus the difficulty is to modeleth
whole system with these constraints — it is notalgu LCA of AD plants with a modelling most often
based on the quantity of treated waste. To carrgensitivity analyses, the range of values of ¢asted
parameter is needed. However, this knowledge oftebbnology’s behaviour is missing for emerging
technology. How to perform a robust LCA for BIORAREocess? How to obtain useful LCA results to
determine some strategic technological and envissrah choices?

In this paper, the LCA approach for the environrakrassessment of BIORARE process will be
described in the section Method in highlighting thierest and the relevance of applying LCA through
especially sensitivity analyses to support the igreent of the BIORARE process. Results of serigjtiv
analyses will be then presented and discussedetttifg strategic choices of the intrinsic parameter
value for BES (such as current density and inpuéamis) as well as parameters relating to the ADtpl
such as the waste hydrolysis efficiency and, @issions management. Economical aspects will be
brought in to the analysis by studying the econop@dormance of the technology as a function of its
environmental performances by applying eco-efficje@stimation.

2. Methods

In this section, the BIORARE process is describgdcbnsidering its components and their possible
synergies. Amongst the possible application of BABRE technology, is the production of alcohols (such
as ethanol or 1,4-butanediol), organic acids, (fgchuccinic and formic acid), and caproate (Rabaey
Rozendal, 2010). For this study, succinic acid whssen because of its role as a widely used
intermediate product, (such as coatings, food amarmaceuticals), also because of the increasing
attention given to this product by the scientifenanunity (Bechthold et al., 2008; Cao et al., 2013;
Delhomme et al., 2009; Du et al., 2008; Lam et28114; McKinlay et al., 2007).

2.1. How to deal with a prototype system like BIORRE process using the relevant LCA

2.1.1. LCA of innovative technology issues

The advancement of a technology can be measuredsagascale such as that set out by the NASA
Technology Readiness Levels (TRL) (Mankins, 1998hen a system is considered as early in its
development, this is reflected by a low TRL (bel6yv In the case of the BIORARE process, the basic
principles have been established (TRL 1), the teldyy concept has been formulated (TRL 2), the
experimental proof of concept has been validatd®L(B), as well as laboratory tests (TRL 4), asosgt

by definitions used by the European Commission¢gean Commission, 2014).

In its early stages of development, pursuing a htwahnology carries few risks. However such system
are not validated by demonstration nor an evalogplbase in a relevant and operational environment
which means a lack of reliable data. This deficjec&n be partly fulfilled with laboratory validatidests
supported by relevant literature that strengthbadeasibility of the project. Based on theoretstadies,

a new process should undergo different modellimg@gches in order to simulate reality. This procedu
also allows the identification of sensitive paraenetwhich are difficult to analyse without experirtad
testing or LCA. Once such parameters are identifledensitivity analysis using LCA is important in
order to understand their influence on the oveallironmental profile of the process. By studyihg t
environmental profile of a process prior to implernaion, eco-design strategies can be applied at an
early stage in order to limit the potential envirntal burdens of a badly configured process (Agiapa
et al., 2006). However it is difficult to selecstevalues for such parameters and uncertaintie® eomg

this process (Gargalo et al., 2017). At this padimé opinion of reliable experts is necessary tfindean
appropriate range of values for all sensitive patans.



Most LCA studies evaluating innovative biotechngldtave been conducted using lab scale data. It is
important to scale up these results to an indlisbparation because the experimental conditions can
oversimplify the system. Such extrapolation is ffialilt procedure that seeks to move from a scdle o
1/10 n? to one of several fror even a hundred hor more. Several studies in the LCA field propose
strategies to scale up from lab or pilot scalehwindustrial scale (Shibasaki et al., 2007). Othsearch
proposes methodology for the use of LCA as a dewedmt tool within the early stages of research
(Hetherington et al., 2014). LCA results based ab-dcale data can still be used to improve the
technology early in its developmental phase, padity when comparing options on its process set up
(Tsang et al., 2014). However, when compared wittgsses assessed using industrial-scale data, the
lab-scale evaluation will be inferior and lessable. Thus the choice of representative input argub
data for such a studied system is especially inaportas well as the careful choice of a reference
scenarios for comparison.

2.1.2. Overview of the BIORARE process

The BIORARE process relies on a new technology:rohial electrosynthesis. This is based on the
principle of stimulating microbial activity in aegtrolytic cell in order to catalyse microbial tedion of
organic molecules leading to the synthesis of ugghducts. The consequence is the direct productio
bio-based chemicals from organic waste.

A BES concept is based on an electrolytic celligetwith two distinct compartments separated by a
membrane: (see Fig.1). Each compartment includés-alectrode made of covered by a biofilm. In the
bio-cathode compartment, a carbon source, (carbmade in this case), is needed while a carbon-rich
input has to be provided to the anodic compartm&saishown in Fig. 1, each of the individual uné st
making up the system requires inputs and geneoatfsits. Because some outputs can become inputs
for other process steps, a synergistic approachpopriate and described here. The first step,
hydrolysis, is a catabolic process in which baatdsieaks down (by hydrolysis) complex organic
molecules into simpler ones such as carboxylic,asganic fatty acids, hydrogen gas and carbonidigox
(McCarty, 1964) This pre-treatment step (preceded by sanitisattor0 °C (Smith, 2015)) leads to the
production of CQ, (resulting from organic matter degradation), aadjquid waste stream which is
enriched in volatile fatty acids (VFAS) such astat® propionate and butyrate. The pre-treatedesitlis
then passed through a screw press producing allisfgeam that contains most of the VFAs and a
concentrate. The liquid stream rich in VFA is thejected in the anodic compartment and the conatntr
is sent to the digestion unit in order to produdBagas comprising 60 v.% of methane (End 40 v.%

of CO..

Within the anodic compartment of the BES, the staiad microorganisms breakdown the VFAs (eq. 1-
3) with the extracted electrons flowing to the bathode (Lovley, 2006; Moscoviz et al., 2017);

Acetate + 2H,0 > 2CO, + 7H* + 8¢~ eq.1
Propionate + 4 H,0 - 3C0O, + 13 H* + 14 e~ eq.2
Butyrate + 6 H,0 > 4 CO, + 19 HY + 20 e~ eq.3

The CQ produced from the previous hydrolysis step candivectly injected into the cathodic
compartment of the BES unit in which the biomolesure produced. A BES cell can produce a range of
organic molecules depending on the reduction reastitaking place at the bio-cathode. Since the
reduction reactions depend on electrical potentsgscific biomolecules can be targeted. The priboiuc

of succinic acid follows the eq.4-1 and eq.4-Zhathio-cathode:

2C0,+7H* +8e” > Acetate + 2 H,0 eq.4-1
2 CO, + Acetate+ 7 H* + 6e~ — Succinicacid + 2 H,0 eq.4-2



Moreover, the BES unit generates a VFAs-depletdldiezft but which still constitutes a carbon-rich
resource useful for the production of biogas frdma AD process. Electricity and heat for the process
comes from the cogeneration unit fuelled by theyasoproduced.

Fig. 1. Simplified representation of the BIORARE process studied

2.1.3. Proposal of a LCA-based methodology

The BIORARE process comprises three main partbussrated by Fig. 1. Between these parts, theze ar
interactions and dependencies of note because t@ansflows production depends on the operating
conditions of the upstream flows production aiwmt versa. The technical aspect of these dependencies is
explained in the following section (2.2.).

The common LCA methodology is based on four mapsividely applied respecting 1ISO standards and
recommended guidelines (2006a, 2006b, European @siwam, 2010). The first step is the definition of
the goal and scope, followed by the inventory,itiygact assessment and the interpretation, as shiown
Fig. 2. The compilation of the inputs and the otgmf a simple system, meaning no existing intevast
between flows, can be performed by using this nulogy as it is. However, it is necessary to adjost
methodology for complex and low-TRL systems, suslthe BIORARE process. The very design of the
BES is the subject of current research and ther¢hais currently no industrial existing processes t
confirm the selected values nor the strength ofltive dependencies. In order to design the BIORARE
process, the sensitive parameters and dependshacek be identified and analysed. As shown in Ejg.
the functional unit is constrained by the inventsigp due to the streams dependencies. For tlssrea
we propose an adjusted LCA methodology which syortizes the first and the second step of the
standard methodology (Fig. 2). At last, the intetation step comprises the study of the production
efficiency within environmental and economic aspgitt other words the eco-efficiency of the
BIORARE process. The eco-efficiency aims to idgrifife targeted biomolecules presenting the best
environmental interest which is a trade-off betweewironmental performances of the BIORARE
process and the potential market share of targat#ecules (see section 2.2.4.)

Fig. 2. Adjusted LCA methodology for the BIORARE proess

2.2. LCA-based methodology applied to the BIORARE mcess
2.2.1. The goal, scope and boundaries of the study

The goal of this study is to identify the sensitparameters that specify the BIORARE process aeid th
influence on the subsequent environmental impaits @pplication. Fig. 3 illustrates the interdegency

of the AD system and the BES system. In most LGAliss based on waste reuse, no burden is allocated
to the waste input and thus it is excluded fromhbandary of the BIORARE system as well. The raw
materials used for the electrodes and the membasngell as any other chemicals used in the BIORARE
system, are included in the system boundary. Onother hand, fabrication material (for example:
hydrolysis and AD digestion tanks, BES reactor pkder the electrodes and the membrane) are all
omitted due to their long lifetime.

The functional unit (FU), which quantifies the péang purpose of the BIORARE technology and which
allows for a comparative assessment, is definadeaproduction of 1,000 tonnes of the targeted ycbd
(succinic acid) by treating the corresponding amadrorganic waste. The latter has been determined
be up to 35,000 tonnes for the production of 1 @dMes of succinic acid.

The design specification of the BES unit remainesljective of the BIORARE project. The linking up o
such a unit with an anaerobic digestion plant hasyat been done, neither theoretically nor in pcac
A relevant and consistent model for the BES unit ismimplementation in conjunction with an anaécob



digestion plant are central issues covered byghfger: its application will also address the sauitit
analyses already discussed.

Fig. 3. System boundaries for the LCA analysis of 81BIORARE system

2.2.2. Inventory

The life cycle scenarios presented here all werdethed using the GaBi 7.2.1 LCA software package
(Thinkstep, 2016). The foreground life cycle invamyt(LCI) data were compiled from experimental $est
detailed documents and previous work from eachhaf author's respective institutions (“Biorare
project,” 2018). Special attention was given to itventory of the anaerobic digestion process, that
respected existing guidelines on biowaste managefivamfredi et al., 2011). The background life &ycl
inventory data (e.g. with respect to electricitgat) graphite, steel, cationic membrane, and alinitals
cited) is provided by the ecoinvent database (Weshal., 2016) and the PE international (formemea

of Thinkstep) database (“GaBi Databases: GaBi Su#yw n.d.). Even with good data, the scaling up
BIORARE technology depends upon appropriate calicuis. To perform this LCA, the behaviour of the
BES has to be understood, as well as its abilitpriduce succinic acid and the necessary operating
parameters. Since no BES coupled with anaerobiestimn currently exists at even the pilot scale, an
innovative calculation methodology is proposed hkre¢he following section the inventories of the®
unit and the anaerobic digestion system are destrib

2.2.2.1. Stream constraints

An important characteristic that quantities thesrsgth of organic wastes is its capacity to consume
oxygen. This value can be determined in differeaysvbut most relevantly in this case by the Chelmica
Oxygen Demand (COD) property. The quantity of seiccacid produced depends on the capacity of the
BES to process COD taking into account the cathodidombic efficiency €E 4¢10q4.) @nd the current
density (J), as summarized by equation 5:

_ JXCEcqthode
Mgyuccinic acid = X (eq 5)
McoDp/succinicacid fQCOD

wheremeop /succinic acia 1S the quantity of COD to produce one unit massuaicinic acid and,,. is

the quantity of electric charge the BES requiresbteakdown a unit mass of COD (expressed in
A.day/gop.). The volume of the BES depends on the outpubtipyeof the product, thereby setting the
required surface area of the electra8lg.{;, oqes):

Msyccinic acid XFXXe—
Selectrodes = (eq 6)
tXJXCE cathode XMsuccinic acid

wheremg, cinic acia 1S the quantity of succinic acid producédis the Faraday constant,_ the number

of electrons required at the cathodehe time expressed in seconds Mg, cinic acia the molar mass of
the molecule of succinic acid. It is expected tihat size of the BES unit increases with the pradoct
rate resulting in an increased total energy dem@ne. of the consequences is that the biogas combust
might not then produce enough energy to supphBES unit and the AD system. It is further assumed
that another consequence is the increase of thea@®VFAs demand of the BES unit. The production
rate of the succinic acid thus depends on the tyualithe organic waste and also on the electrootem
parameters and the BES framework design.

The amount of energy produced from biogas is caim&d by the substrate input to the AD digestion
unit. Clearly, the methanogenic bacteria generateenbiogas when they receive more substrate. The
substrate is provided to the digestion unit by bilter units: the BES unit and the separation Uid. (1).

This substrate composition depends on the perfaearh the hydrolysis step which hydrolyses the
organic matter in the incoming sanitised waste. €ffeciency of the hydrolysis phase is subject to
various parameters such as raw waste compositiooyiums, pH and temperature (He et al., 2012} Thi



efficiency is expressed as the hydrolysis yield cwhtorresponds to the COD fraction of the total
biodegradable COD of waste that is effectively bised. The quantity of waste required by the
BIORARE process will be high when the hydrolysislgtiis low, in order to meet the VFAs demand of
the BES unit. However, as a consequence, theratddbvading of the AD tank then increases leatiing
an increased yield of biogas.

Since each step of the process influences each witheseveral conflicting relationships between the
various stages of the process, it is difficult tdicpate the environmental outcomes as a resuthef
variation of a single parameter. LCA is thus thestmappropriate approach to estimate those global
outcomes by taking into account of all the streamaslved and to set out their respective depen@snci

2.2.2.2. Inventory of the BES process

The electrochemical performances of the BES driwve dalculation methodology. The required VFA
(myra) and CQ (mco,;) inputs depends on the criteria set out in Tabled.ae calculated according to
equations 7 and 8, respectively, whetg,, andDM is respectively the COD value and the dry matter
content of the hydrolysed waste handled annuallyhieyBES unitC.,p is the COD value of the VFA
content, Mco, /conyeerare 1S the amount of CO equivalent to one gram of COD from acetate
decomposition anth¢op, ..., IS the COD value of acetate.

Mypa = Mcop X DM /Ceop eq. 7

Mco,i = Mc0,/CODgcetate  MWVFA X MCODgcetate eq. 8

Table 1. Data used for the inventory of the BES pross

Parameter Origin of data Quantity Unit
Current density (J) Experimental tests 20 A.m?2
Faradaic yield (FY) Experimental tests 65 %
Electronic charge borne by one gram )
of COD (Qcop) ° ¢ ° Qe= X Ne=meop/Mo, (1) 0.14 A.day.g'cop
COD supply (Mcop) 365 X J/(Qcop X FY) 4.02 kt.yr
Dry matter content of the hydrolysed . 5
wa);te OM) ydroly Experimental tests 0.25 Kg.Ihyaro, waste
'(I'é)tal )COD in the hydrolysed waste Experimental tests 29 6 '@hLdro. asie

COD
COD of acetate in the hydrolysed Experimental tests 131 0o, waste

WaSte QnCODace_tate)

(1) Q.- is the charge borne by one mole of electronf- ., is the number of moles of electrons for one mold €OD,
and, My, is the molar mass of oxygen.

2.2.2.3. Inventory of the anaerobic digestion procs

All of the streams are specified using the wastgatteristics set out in Table 2. Knowing the datter
content of the substrate, methane productiag,f) from digestion can be estimated by applying the
formula (eq. 9):

Mcna = Ven,yym X BMP X 1yypy X pcu, X DM eq.9

WhereVcy,vw is the volume of methane produced per kilogranaabtile matter (VM) and is assumed
to be at 450 liters/kgBMP is the methanogenic potential of the substrateisiadsumed to be at 91 %j;
rympm IS the ratio between volatile matter and dry nmatpgy, is the volumetric mass density of
methane; an@M is the dry matter mass of the substrate.

From the methane production, carbon dioxide pradootan be estimated knowing their volume ratio
(60 v.% CH, 40 v.% CQ). Gas leaks are also taken into account and aaresl to be 5 wt.%. The



biogas is fed to a cogeneration unit, which produeeat and electricity that goes to meet some ef th
input required of the BIORARE process. For the mdstlectricity and heat demand, system expansion
rule of the boundaries is used for their recové®( 2006b). Additional electricity and heat coment

the French power grid and from the production e&st from natural gas.

Table 2. Data used for the inventory of anaerobic diestion

Parameter Origin of data Quantity Unit
Dry matter content of waste Experimental tests 25.0 %
Hydrolysis yield Experimental tests 19.7
Volume content of CQ in the hydrolysis gas E;ﬁ] ?(glr:nental 0 Blile] (B3 80.0 %
Volume content of H in the hydrolysis gas E;ﬁ] ?élrr]nental tests and experts 20.0 %

Experimental tests and exper o
Gas leak opinion 5.0 %
Volatile matter and dry matter ratio E;(ﬁ] ?cr)lrznental tests gNUNP=TLs 85.0 %
Volume of CO, produced for one kilogram of Experimental tests and exper 250 |
volatile matter input opinion '

This methodology applied follows the “bottom-up”papach (Silveira et al., 2017; Swan and Ugursal,
2009), which focuses on the sub-systems (here Hf [2rformance) to arrive at the whole system (here
the production of succinic acid and carbon dioxidd)is approach is appropriate for LCA studies on
bioelectrochemical systems because it is essgntiabed on the COD measurement. In most cases
dealing with biowaste sludge, this parameter isdiwminant factor which is widely used to charasteri
the waste streams.

2.2.2.4. Sensitivity analysis

This subsection presents parameters of the BIORARE&hnology which could influence the
environmental impacts of the complete process diotuthe AD step. In the following sections, cutren
density, hydrolysis yield and management of the, @@eam are discussed as possible sensitive
parameters.

Current density

The BES design has to satisfy various conditionsrtsure its productivity. Some parameters are fixed
such as electrode component and membrane thickiesoptimize the BES, its electrochemical
performance has to be considered. The currenttggdsigreatly influences the efficiency of a BEStu
Laboratory scale experiments have been performdderealed that the BES can produce succinic acid
at different current densities. The lowest operatiovalue is 5 A.i and the highest 300 A In
between, current densities of 20 Aend 100 A.nfwere used in this study. The set of scenarioshare t
labelled J5, J20, J100 and J300, correspondinge@urrent density. As a consequence of varying the
current density, the electrical potential differen@V) between the two electrodes also changes as
illustrated by equation 10:

AV = Vypio—anode — Vbio—cathode +J X R eq. 10

whereR is the electrolyte resistandg,;,—4n04e iS the electrical potential at the anode, afRg,—atnode

is the electrical potential at the cathode. Thetdtmal potential difference is a key variable hesmthe
electrical charge input of the BES is determinedtbindeed this input is the result of the prodatthe
electrical potential difference, the current dgnstte electrode surface area and the productioe. ti



By varying the current density, the quantity of goi acid produced varies also. Indeed, the amount
produced generally increases with the current tiensis a consequence, the surface area of the
electrodes has to be adjusted in order to procheasdme amount of succinic acid for all currentsitgn
values tested, which is necessary in the inteffadsicocomparative LCA. In Table 3 the adjusted tetmte
surface, mass and energy demand are presentduférstenarios studied.

Table 3. Influence of current density (J) variationon BES inputs

Scenario J (A.n) AV (V) Ses(M) Y Meec(kg) @ E (Y

J5 5 0.88 8.54x1d 1.54x1d 1.19x10°
J20 20 1.14 2.14x10 3.84x106 1.54x10°
J100 100 2.5 4.27x16 7.69x1G 3.37x16°
J300 300 5.90 1.42x10 2.56x16 7.95x10°

(1) surface area of electrode; (2) mass of electred(3) electricity input of the BES

Hydrolysis yield

The principle step of pre-treatment is the hydrislys the organic matter of the sanitised wasteasir.
This process encourages the solubilisation of @® Content to produce VFAs which can then be used
in the BES unit at the bio-anode. The biochemicallrane potential (BMP) assay is a common analytical
method used to estimate the biodegradability ofawigy substrates under anaerobic conditions. The
degradable COD can be calculated from the obseswecific methane yield and the theoretical 3501iml o
methane (at STP) per gram of COD stabilized (MoGdr964). In the context of this study, BMP assays
were conducted on biowaste and resulted in a dagladCOD of 3.2 gp/gom. Not all the degradable
COD can be broken down by hydrolysis. Hydrolysildgirepresents the dissolved COD over the initial
degradable COD in the biowaste. The biowaste us#ltei BIORARE project had a dry matter content of
25 % w/w. Theoretical hydrolysis yields of 10 %égsario Y10), 20 % (scenario Y20), 50 % (scenario
Y50) and 80 % (scenario Y80) were considered. Tasa very strong influence on the VFAs content of
the hydrolysed waste sent to the BES unit. As shiowrable 4, this increases with the hydrolysiddyie
thus changing the amount of waste needed downstréam total amount of COproduced from the
hydrolysis stage decreases if the hydrolysis yiietdeases because the required amount of orgarstewa
feed then decreases On the other hand, a poor liel&would require eight times more waste than in
the case of a 80 % yield, resulting in eight timesre CQ available for the BES biocathode. When the
CO, produced from the hydrolysis stage is not enoughneet the demand of the biocathode,, CO
produced at the bioanode (see eq.1, eq.2 andisgl®erted to the biocathode.

Table 4. Analysis of the hydrolysed waste (and Cproduction) as a function of the hydrolysis yield

COD of the | Organic Rifr%]qgjltri? tﬁgz rogL%[ion Additional
.| Hydrolysis hydrolysed waste P P COsto
Scenario : . BES (at the from
yield waste required : , send to the
1 bio-cathode) hydrolysis :

(9.1 (kg) (ka) (ka) biocathode

Y10 10 % 28 6.83x10 5.43x106 -
Y20 20 % 56 3.41x10 2 71x16 ':br.om BES
3.05x10 loanoce
Y50 50 % 141 1.37x10 1.00x16 | [romBES
bioanode
Y80 80 % 226 8.54x10 6.78x1d | TTOmBES
bioanode

CO, stream management



Reducing and/or recovering G@missions from industrial processes is a large gaenvironmental
policy (Bygrave and Ellis, 2003; Jos et al., 20X6Q, emissions arise in the application of BIORARE
technology: from hydrolysis, electrolysis (BESHarogeneration (Table 5). The values corresportlaeto
scenarios Y20 and J20.

Table 5. Summary of carbon dioxide emissions

Purpose of the  CO, production Succinic acid production (1,000 t)

Unit process

unit mechanism Quantity of CO, produced Quantity of CO, required as input
(kg) (kg)
Hydrolysis Pre-treatment of ~ Hydrolysis of
Unit waste waste 2.76x16
Functional

BES Unit biomolecules Breakdown of 6.73x16 3.06x16
VFA at anode

production
Anaerobic Biogas
AD Unit biotransformation production (no 2.16 x16
of substrate losses)
Biogas recovered From methane
Cogeneration into hegt. and combustion 5.22x16
electricity

The hydrolysis unit emits CQvia the mechanism of organic matter degradationichvcan also be
responsible for Hemission. The quantity of GQs directly estimated from the volatile and dryttea
content of waste. Thus G@mission from hydrolysis is determined by the ra&and composition of the
organic waste used. Among the four unit proces$abl¢ 5), the hydrolysis unit and the BES unit
generate the smallest amounts of,CThe cogeneration unit and the digestion unitrasponsible for,
respectively, 63 % and 26 % of the total productmin CO, from the BIORARE process. The
cogeneration is the biggest source of,®@E&cause of C&from biogas and supplementary £@oduction
due to methane combustion reaction. The BES utitéonly part of the process that also requires CO
as input. The objective to recover £€missions could be achieved by means of streamsigeaent
strategies that are presented below. Sending aieofCQ streams into the BES bio-cathode would not
increase the amount of succinic acid produced tsecat the limiting effect of VFAs on biomolecule
production. Three different management scenarioshio input of CQ@ into the BES unit are studied are
presented in Fig. 4:

Fig. 4. CO, streams management scenarios (A, B and C)

- Management A: the CQcomes mostly from hydrolysis. 276 tonnes of,@@m hydrolysis are
sent to the BES unit for the production of succaitd. The hydrolysis process does not produce
enough CQ@to cover the BES unit input. Therefore, some &f @Q produced in the cathodic
compartment (approximately 10 % of the BES,G@®@mand) of the BES unit is recycled to the
anodic compartment. The rest of the anodic 8&ent to the purification unit.

- Management B: COis provided by the biogas stream. The biogas awipthe digestion unit is
directly sent to the BES unit. The bacteria in B#S unit removes from the biogas the required
amount of C@, thus allowing the subsequent injection of a ma¢hanriched biogas (composed
of 37 v.% CQ and 63 v.% CHi) into the cogeneration unit. This hypothesis fiasto be
verified. All the CQ from the bio-anode and all that from the hydrdysnit are sent to the
purification unit.

- Management C: the BES unit is not balanced in teohsCO, input/output. The anodic
compartment produces more £than the cathodic compartment requires. Around#6f the




CO, generated at the anode is sent to the cathodipaxment while the remaining 55 % goes to
the purification unit.

Once purified, C@ might be used as a feedstock in the food indugtihvarmaceuticals or analytical
chemistry. Several purification techniques can ppliad for CQ recovery and purification. Of these
techniques, pressure swing adsorption (PSA) appdarde the most suited to BIORARE technology
(Overcash et al., 2007; Thambimuthu et al., 2008)s process operates on a repeated cycle with the
basic steps being adsorption of T8 adsorbent beds and then regeneration throwggsyme reduction.
CO, recovery efficiency relies on many factors suclhasinitial purity of the C@stream. In the case of
BIORARE technology, the C{Ostreams arising from the hydrolysis unit, the BE®, the AD digestion
unit and cogeneration make up 80 v.%, 40 v.%, 40 and 11 v.%, respectively. To limit the potential
environmental impacts of the GQuirification unit, only that C@Oproduced by the hydrolysis and BES
units is recovered.

When CQ is recovered, the BIORARE process becomes a duplibsystem that is the production of
both succinic acid and GOIn such a case, it is appropriate to partitiarddated environmental burdens
(ISO, 2006b). In LCA, this approach is called allben. The inputs and outputs of a system can be
partitioned between the different products on thsi$ of their underlying physical relationshipst fo
example their mass ratio or their energy contetid.rin the case of BIORARE technology, the phykica
relationship between the succinic acid and, €Cahnot be directed to favour the production of proeluct
over the other. In this specific case, the all@ratian be performed in proportion to the econoraice

of each product (Ardente and Cellura, 2012). Thacation methodology and inventory collection o th
purification system are described in the annexapp®rting Material”.

2.2.3. Environmental impact assessment

A procedure is required to calculate the poterralironmental impact of each described scenaries Th
is the link between the released (or consumed)tanbs and its potential environmental impact. The
January 2016 revision of the CML-IA method is ugedhis study (Heijungs, R. et al., 2001). There ar
ten impact categories listed that determine pakritnpact transfers. The categories are: abiotic
depletion, acidification, eutrophication, globalrméng, ozone depletion, photochemical ozone creatio
human toxicity and ecotoxicity categories (frestewamarine and terrestrial). The scenarios to beete
against these impacts (described above) are suseddn Table 6.

Table 6. Summary of scenarios evaluated

Parameter Scenario label Tested values or descriptio Methodology Results
Current density of the J5 5 A.m?
BES J20 20 A.mi” Section Section
J100 100 A.ni 2.4.2.1. 3.1
J300 300 A.n*
Hydrolysis yield of the Y10 10 %
fermentation step Y20 20 % Section Section
Y50 50 % 24.2.2. 3.2.
Y80 80 %
CO, emission and A BES CQ partial feeding from fermentation unit Section Section
reuse management B BES CQ feeding from digestion unit 2423 33
C BES CQ partial auto-feeding T o

2.2.4. Eco-efficiency of biosuccinic acid productio

When talking about eco-efficiency, the World Busimi€ouncil For Sustainable Development (WBCSD)
refers to a philosophy based on creating more gaodsservices with ever less use of resourcesgewast
and pollution (Helminen, 2000). By applying the @fficiency criterion, it is possible to compareotw
processes, which have the same purpose but operatifferent ways, taking into account the
environmental point of view but bound to an ecormasipect. In the BIORARE project, several chemical
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products can be produced as explained in sectlonTargeting a different product to succinic acioud
result in treating a different amount of biowaséedwuse the cathodic reaction is unlikely to bestmae.
The eco-efficiency criterion can be representethbyequation 11 (Kuosmanen and Kortelainen, 2005):

Economic value added
EE =

" Environmental damage

eq. 11

This measurement requires that the economic valdedashould be known or could be calculated from
available data. However, the BIORARE process isamtearly stage of development and data on
investment, production cost as well as product palee is unavailable. The eco-efficiency criterign
thus revised as follows (eq. 12):
EE = % market share eq. 12

Al
The market share that the BIORARE process mighincia based on the current French and European
market shares of biosuccinic acill is the difference between the impact value of HORARE
scenario and that of a reference scenario, diviethe sum of the impact values of both scenafibs.
reference scenario of BIORARE succinic acid hasliBscussed separately (see the section, Supporting
Material). AI can range from -1 to 1. A negative value indicagesironmental burdens whereas a
positive value means environmental benefits wilpeet to the reference scenario. Conversely, diyosi
value shows that the technology is environmenthiyter than the reference scenario. Data on the
environmental benefit/burdens and the referenceasimeare given separately in the section, “Suppgrt
Material”.

The production of succinic acid through the BIORAREchnology can be assimilated to an
environmental biorefinery. Depending on the eledtmmical conditions of the BES, several
biomolecules can be produced (Rabaey and Rozerfdl)). Because the stock of organic is
deterministic (Gargalo et al., 2017) and would lmlerate for mass production, it is necessary totifye
the production of the biomolecule which is parttioé proper market along with good environmental
performances. In order to go towards the propeketathe production of succinic acid is compared to
the production of bioethanol because the lattgraid of an important energy market whereas succinic
acid is considered an intermediate commodity. Iddédee French and European markets for succinit aci
are still in their infancy. As the study takes @ao France, it is hecessary to first evaluatepibtential
volumes of biowaste in France that could be tre@ted\D. In metropolitan France, nine existing AD
units were identified. By adding up their operateapacities, approximately 701,000 tonnes of bitevas
could be treated annually (“SINOE® déchets,” n.d.% BIORARE process is to be implemented at each
French AD site, 9,000 tonnes of bioethanol or 20,@Mnes of succinic acid could be produced anpuall
Considering theses production rates, succinic geatiuced using the BIORARE technology would
represent 87 % of the French market and 46 % oEthepean market (“Chemical industry awaits for
bio-succinic acid potential,” n.d.; Cok et al., 20Weastra, 2012), whereas the production of bayeih
would only represent 0.98 % of the French marketjast 0.27 % of the European market (Flach et al.,
2016).

3. Results and discussion

In this section, the results of the sensitivity lgsia are presented. Firstly, the importance of the
parameters describing the BES process is discuissader to show their effect on performance. Secti
3.2. deals with the constraints on the AD digeshorught about by the preceding hydrolysis stepciwvhi
influences all the waste-related streams in theRRRE system. For instance, the quantity of greesbou
gases emitted during AD digestion and subsequeggreration, especially GOvaries with the quantity
of input substrate in the feed stream. In orddimbit such emissions, COmanagement strategies in the
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context of LCA are presented in section 3.3. Thieaue of all life cycle impact assessment (LCIA) is
discussed in a final discussion.

3.1. The effect of current density in the BES on #henvironmental impact of the process

Changing the current density results in resizirgy BES unit in terms of the electrode surface anea i
order to produce the same quantity of product. qirentity of electrode material increases with siefa
area. By contrast, the electricity consumed by BEES unit increases when the electrode surface
decreases. This is due to the fact that a higheemudensity implies a higher voltage and thusghér
energy demand.

Thus increasing the BES unit production efficiemegults in a trade-off between the need of eleetrod
material and the electricity consumption. Througtomparative LCA, the consequences of this trafle-of
on potential environmental impacts are investigawith the main results shown in Fig. 5. Electrode
material is the highest contributing fraction ok tBIORARE technology in the J5 scenario when
considering the process contribution to acidifimati eutrophication, climate change, ecotoxicity
categories and photochemical oxidation. The coutiob of the electrodes decreases as the current
density increases, as shown also by Table 3. MeéniVte electricity cost contribution increasesegiv
that the BES requires more and more energy to vabrkigher current densities. The environmental
burdens of electricity production (based on thergesiused to power the French grid) seem to be more
significant than the burdens of the electrodes yetidn since the scenario J300 is the least baakfic
scenario.

Fig. 5. Comparative analysis of LCIA of the variation of current density and the process impact on thenvironment

The difference in contribution for electricity cdsétween scenarios J5 and J100 is too great tw allo
identification of the precise point from which tledectricity contribution makes the scenario more
environmentally damaging. A more precise compaeati€A study is therefore conducted. New current
densities of 10, 15 and 25 A%were tested and the consequences on the BE$hpuats presented in
Table 7. The environmental burdens caused by tleeeps as a function of current densities are
represented in Fig. 6 with narrower band currensdies of 5 to 25 A.iA

Table 7. Additional date on the influence of the current desity (J) variation on BES inputs

Scenario J (A.n) AV (V) Ses (M Meee(kg)®  EQP

J10 10 0.97 4.27x10d 7.69x10 1.31x10°
J15 15 1.06 2.85x10 5.13x106 1.42x10°
J25 25 1.23 1.71x1d 3.08x14 1.65x16°

(1) surface of electrode; (2) mass of electrode;)(8lectricity input of the BES

Fig. 6. Refined LCIA of the effect of current densiy variation by taking into account only the burdensof the BES
materials and the electricity cost

Depending on which impact category is considerkd, dontribution to environmental impacts of the
BIORARE technology starts to increase either auaent density of 10 A.ra (in the case of abiotic
depletion, freshwater ecotoxicity, human toxicitgy, at a current density of 15 A3x(in the case of
acidification, eutrophication, climate change, maricotoxicity and photochemical oxidation), oraat
current density exceeding 25 A2n{in the case of ozone layer depletion and teregstcotoxicity).
Under the last category, the environmental burgeesmostly related to the electrode production.cost
Considering all these factors, the appropriate fz@avould be to set the current density of the BES
between 10 A.rA and 20 A.n% depending on the dominant pollution concern.

3.2. The influence of the hydrolysis yield in the ig-treatment of the biowaste

The hydrolysis yield represents the capacity oftpratment to breakdown the organic matter preisent
the biowaste feed stream. When this yield is netéiti high (> 50 %), the hydrolysis of waste is
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considered efficient. Consequently, less wastemelis needed to obtain the same required amount of
VFA (see Table 4). However, at a low 10 % yield meg a low VFA content (28430/1), the hydrolysed
subst from the BES bio-cathode (1,353 tonnes),dlwls sent to the digestion unit), is almost etghes
higher than that under the 80 % yield condition§9(onnes). The potential environmental impact
resulting from different hydrolysis yields are stemvn Fig. 7. Scenario Y10, (10 % yield), presehts
highest environmental burden in all impact categgriThis decreases as the hydrolysis yield incsease
This trend is due to the contribution of the AD egon system. Compared to the scenario Y80, more
waste is needed thus more substrate has to bedrgathe digestion unit under scenario Y10, which
generates more digestate to be spread but magasis produced for the cogeneration unit. As altes
higher air emissions linked to digestion, combustamd spreading processes are expected which fall
when the hydrolysis yield increases.

On the other hand, the difference between the pti® far less marked when considering the follgwin
categories: abiotic depletion, human toxicity anarime ecotoxicity. The main reason is that scesario
Y50 and Y80 require more electricity input thanrs@os Y10 and Y20 because less energy is produced
internally resulting from less biogas production.

The hydrolysis yield is a parameter which dependshe pre-treatment conditions and the raw biowaste
composition, it is thus difficult to predict. FrommLCA perspective, any hydrolysis yields above 50 %
would be of special interest in terms of the miiga of environmental impacts.

Fig. 7. Comparative LCIA of the system as a functiomf the variation of hydrolysis yield

3.3 Is it better to emit or to recycle CQ?

The BIORARE process includes organic matter dedi@uan three distinct process units: the hydrigys
step, BES synthesis and AD digestion. These presesso generate a large amount of respiratiorsgase
especially CQ A CGO, recovery unit was added to the BIORARE scenarid tie comparison of the
latter with and without this option shown in Fig. 8

Fig. 8. LCIA of succinic acid production compared wih bioethanol production a) without and b) with CG, recovery

Even at a low significance threshold, the recovefyCO, does not provide obvious environmental
benefits since the relative contribution of botbrsarios is very similar. The biggest differencéh@ugh

still not significant), is observed for the optibfanagement B with respect to climate change. Bedoge
CO, recovery, management B contributes the most amatighiree scenarios but it is the one showing a
slightly reduced burden when G€covery is added in. In the “management A” scdenér430 tonnes of
CQO, are recovered whereas the management scenarind B allow the recovery of 9,490 tonnes and
6,430 tonnes respectively. When a system genemnades than one product, allocation is necessary in a
LCA study. Economic allocation is applied for thEORARE scenario (see Supporting Material) in order
to apportion the environmental impacts betweenisicacid and C@ production. Consequently, the
relative contribution of each product increasedlite amount produced. As more {®recovered in
“management B” scenario, the g@llocation is higher in this case than in “managemA” and
“management C” scenarios, thus leading to a smalliecation to succinic acid production.

3.4. Eco-efficiency through biomolecule choice

When the environmental benefit of a given scenariess than zero, then it is considered to shdewa
eco-efficiency (EE) to no EE, as shown in Fig. ®ieTproduction of succinic acid using BIORARE
technology displays a low EE close the “no EE” zavith respect to the following impact categories:
terrestrial ecotoxicity, abiotic depletion and oedayer depletion. On the other hand, the Frenctkeha
share ana/ value of BIORARE succinic acid make the BIORAREHh®ology quite eco-efficient for six
impact categories. The production of bioethanolngisthe BIORARE approach has no negative
environmental impacts unlike the comparable pradoabf biosuccinic acid. However, the market share
of the BIORARE technology used to produce bioetharmuld be very low (below 1 %). For this reason,
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the eco-efficiency of the BIORARE technology is sisered low with a promising progress to a better
EE.

The European market share case is not displayeddemause the observations and conclusions are the
same as for the French market share.

Fig. 9. Eco-efficiency comparison of the production of soaracid and bioethanol on the French marketéf BORARE BES
were to be implemented on all French AD plantstiingebiowaste (ADP: abiotic depletion potential; Adeidification potential;
EP: eutrophication potential; FEP: freshwater edoity potential; CC: climate change; HTP: human oityi potential; MEP:
marine ecotoxicity potential; ODP: ozone layer @dph potential; PCOP: photochemical oxidation; TEPrestrial ecotoxicity
potential)

3.5 Discussion

Enhancing the productivity of the BES unit by iresimg the current density also changes the
environmental profile of the BIORARE technology. /hthe current density is at 5 A2nfscenario J5),
the BES is considered as a low cost process bedarespiires less energy input compared to therothe
three scenarios. However the high quantity of edelet material makes it less beneficial to the
environment regarding resource preservation. TheAL@sults might change in either direction if the
electrode material was changed, for example usiamless steel instead of graphite. The electrode
material was not revealed to be the most signifidantor in the study of current density variation.
Indeed, the sensitivity analysis did point out tiet energy efficiency of the BES system was aissale
when the current density had been increased. Tdrerghe choice of the external electricity souras to

be relevant in the study. In this study, power fithia French grid is used. There are alternativeopto
avoid purchasing electricity from grid, such as thegration of solar panels in to the BES process
(Nevin et al., 2010). Overall the sensitivity oktburrent density parameter shows that to ensurd go
environmental performance, the productivity may énaw be compromised, thus revealing a conflict
between environment and economic objectives.

The sensitivity analysis of the current densityapaeter showed certain variability in the BES umhilie
latter is part of a whole system which includes #&maerobic digestion. The importance of the waste
transformation was considered through a sensitiatsilysis of the hydrolysis yield of biowaste withi
the hydrolysis unit. The experimental yield is apg@mately 20 % which does not allow the sufficient
production of biogas in the AD unit to supply theale system in terms of electricity. In order torgase
the electricity production, more substrate hasea®ént to the digestion unit thus the hydrolyséddyhas

to be lower than 20 %. With this setup, less sucdieid is produced because of a lower provision of
VFA content to the anodic compartment of the BEf8rdasing the amount of succinic acid produced
results from increasing the hydrolysis yield. Hoeevthis configuration implies producing less
electricity, resulting in purchasing some from em#é¢ sources. As observed in the case of the durren
density parameter, the sensitivity of the hydrayseld shows two conflicting effects. If the yisltigher
than 20 % can be achieved, the type of efficiemnefgy or production) should be well considered in
advance. Thus strategies to enhance the BIORARI®mgy may boost its eco-efficiency by lowering
the contribution to certain environmental impactegaries such as abiotic depletion, terrestrial
ecotoxicity and ozone layer depletion.

As well as testing the sensitivity of process inpatameters, the sensitivity with respect to owpuas
also considered. Indeed, high emissions of @ére identified during the inventory step. The dférof
avoiding such C@emissions to the atmosphere is modest in the @aB&ORARE technology because
the quantity of C@to be recovered is relatively small. It might et worthwhile to recover this small
amount of CQ@ based on the argument that the technical requimenfer capturing and purifying GO
could be considerable. A contribution analysis wadormed and is set out separately in the Suppprti
Material annexe. The environmental impact of the, @Qrification unit is barely noticeable when
compared to that of the other process steps. latheunt of CQto be emitted or recovered was larger, it
would be of interest to see if the benefit of remmywvould then be significant considering the iased
burdens of biogenic CQemissions and of the purification unit inputs/aifp The interest of BIORARE
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technology is to convert carbon (contained in bisp into energy through the production of biogas
during the anaerobic digestion process and inth higded value molecules in the microbial fuel cell.
This sensitivity analysis focuses on the ways tseeCQ emissions to supply microbial fuel cell in one
hand and to recover G@missions for industry in the other hand. In thesses, the carbon is used and
not sequestrated. Actually, it is necessary to peredh soil enricher like compost or biochar to sstrate
carbon in soil. The philosophy of BIORARE is sinauieously the use of carbon to improve the economic
value of the product (energy or biomolecules) d&dgroduction of a digestate as an organic fegtiliz

The assessment of the eco-efficiency of the biocubde choice shows that the best combination of
environmental and economic performances is obtalmedhe production of biosuccinic acid for an
intermediate market. This conclusion is the resiila theoretical approach for the calculation of-ec
efficiency of the BIORARE technology. Indeed, teelculation should consider the quality of biowaste
which influences the technological performancehsf disintegration process, and the flexibility bé t
market for the acceptance of waste-based moleautish influences the economical performances.
Despite these limitations, the production of wdsieed molecules is promising for intermediate niarke
from an environmental point of view.

4. Conclusions

Many strategies and technologies have been devklopecycle organic wastes fitting in the concafpt
bio-economy. The concept of biorefineries that rety bioelectrochemical systems are an attractive
concept since it aims at producing useful chempralducts from waste sources. Such a technology
coupling a bioelectrosynthesis and an anaerobiestign plant was modelled using a LCA methodology,
in order to identify key environmentally sensitidesign parameters and to select best implementation
strategies, thus demonstrating how LCA approachesldc be used to improve environmental
performances of innovative processes. Sensitivanpaters identified were the current density of the
bioelectrosynthesis process and the hydrolysisdyilring an initial pre-treatment of the waste. By
testing the effect of these parameters, a balastveslen environmental benefit and good productiwig
revealed. Separately, the recovery of,@@issions, turned out to be inconsequential. Tive@mental
efficiency of the technology was tested by studytimgeco-efficiency ratio which is based on thesjis
market share of the product and the environmergaéfit. In the case of succinic acid productiomayo
eco-efficiency was shown despite some trade-offsranironmental impacts: if production was switched
to bioethanol, there was a poorer efficiency withimpacts trade-offs. This eco-design approachnof a
innovative process based on LCA and eco-efficiecadgulation shows the potential of environmental
assessment to be useful for the improvement of dhgironmental, technical and economical
performances of a technology with a low TRL. Thistemic approach could be performed to guide the
choice of targeted biomolecules which should bedpced and the key parameters of the innovative
technologies.
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Highlights

» Environmental biorefinery can produce bio-succinic acid from organic wastes

» Eco-design through life cycle assessment hel ps identifying sensitive parameters

» Trade-offs exist between production efficiency (set of technical parametersto
optimize the production) and environmental burdens



