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A novel framework, integrating dynamic simulation (DS), life cycle assessment (LCA) and techno-economic
assessment (TEA) of a bioelectrochemical system (BES), has been developed to study for the ﬁrst time wastewater treatment by removal of chemical oxygen demand (COD) by oxidation in anode and thereby harvesting
electron and proton for carbon dioxide reduction reaction or reuse to produce products in cathode. Increases in
initial COD and applied potential increase COD removal and production (in this case formic acid) rates. DS
correlations are used in LCA and TEA for holistic performance analyses. The cost of production of HCOOH is
€0.015–0.005 g−1 for its production rate of 0.094–0.26 kg yr−1 and a COD removal rate of 0.038–0.106 kg yr−1.
The life cycle (LC) beneﬁts by avoiding fossil-based formic acid production (93%) and electricity for wastewater
treatment (12%) outweigh LC costs of operation and assemblage of BES (−5%), giving a net 61MJkg−1 HCOOH
saving.

1. Introduction
Research interest in renewable fuels has intensiﬁed over the last two
decades due to the ﬁniteness of fossil fuels and concern about their
⁎

environmental issues (IPCC, 2014). Lately, there has been a particular
focus on the production of renewable fuels and chemicals from waste,
as it does not only enable the reuse of an otherwise insigniﬁcant stream
to maximise utility but also capacitates the realisation of a circular
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Nomenclature

q

SD
ϕa,ϕi
R,F
v
rres
DED,f

ρa ,ρi
j
γ1
τ
V1,V2
rdec
RHCOOH
FEHCOOH
n
JSD
Ci
β

On
Tn
qmax

COD Consumption rate in the bioﬁlm (kgCOD kgVS−1
day−1), VS = Volatile solids as a measure of biomass
COD (substrate) concentration (kgCOD cm−3)
volumetric fraction of active and inactive biomass (dimensionless)
universal gas constant and Faraday constant
advective velocity (cm−2 day−1)
speciﬁc rate of endogenous respiration (day−1)
diﬀusion coeﬃcient of substrate in the bioﬁlm (cm2
day−1)
density of active and inactive biomass (kgVS cm−3)
current density (mA cm−2)
bioﬁlm conductivity (Sm−1)
electron equivalence of substrate
time conversion factor (s day−1)
constants of the linear applied potential-related function
rate of active biomass inactivation (day−1)
rate of formic acid production (mg L−1 hr−1)
Faradic eﬃciency for formic acid production (%)
number of electrons transferred per mole of formic acid
molar ﬂux of substrate passing through the bioﬁlm
(kgCOD cm−2 day−1)
total initial capital investment
cost avoided from an activated sludge plant for equivalent
COD removal

K SD
η
T
EKA
bres
DED,l
L,Lf
Qs
f 0e
γ2
Y
Vapp
bdec
Aan ,Acat
Van,Vcat
Mw
z
θ
t
r
(θ )̂

annual operating cost
annual income tax
maximum consumption rate in the bioﬁlm (kgCOD
kgVS−1 day−1)
half maximum rate concentration (KgCOD cm−3)
local electric potential of the bioﬁlm (V)
temperature (298.15 K)
half maximum rate potential (V)
endogenous decay coeﬃcient of active biomass (day−1)
diﬀusion coeﬃcient of substrate in the bulk liquid (cm2
day−1)
thickness of diﬀusion layer and bioﬁlm (cm)
general source term (mA cm−3)
fraction of energy generating electrons (dimensionless)
electron equivalence of biomass
true yield (kgVS kgCOD−1)
applied cell potential (V)
ﬁrst-order inactivation rate coeﬃcient (day−1)
Anode and Cathode surface area (cm2)
Anode and Cathode compartment volume (cm3)
molecular weight of acetate (g mol−1)
Spatial longitudinal coordinate from the anode surface
(cm)
HCOOH selling price
number of operational years
required rate of return
HCOOH selling minimum price

Development Goals (SDGs), such as SDG 6: clean water and sanitation;
SDG 7: aﬀordable and clean energy, and SDG 13: climate action
(Sadhukhan et al., 2018). These beneﬁts include wastewater treatment
through the removal of chemical oxygen demand (COD), renewable
energy production from electrons liberated from the wastewater and
temporary storage and utilisation of CO2 (a potent GHG) to synthesise
chemical products otherwise produced from fossil fuels (Shemfe et al.,
2018).
Several valuable chemical compounds, including methane, formic
acid, acetic acid, propanol, butanol and ethanol, can be produced from
BESs via CO2 reduction at diﬀerent reduction potentials (Sadhukhan
et al., 2016). Formic acid (HCOOH) stands out from other feasible
chemical products due to its versatility. It is used as a chemical feedstock in the textile, pharmaceutical and food preservative industries, a
liquid carrier for safe hydrogen storage and transportation, and fuel for
fuel cells (IHS Markit, 2017; Kim et al., 2009; Rice et al., 2002). The
global production of HCOOH has reached 620 kt in 2012, and it is
projected to exceed 760 kt by 2019 at an average annual growth rate of
3.8% (Pérez-Fortes et al., 2016). Despite the versatility of HCOOH, it is
primarily produced industrially from resource-intensive and environmentally damaging fossil-based methods, decarboxlative cyclization of adipic acid, oxidation of butane and hydrolysis of methyl formate (Ecoinvent, 2013). Thus, a BES-based production route,
considering its plausible relative environmental benignity, could potentially replace current fossil-based production methods (Sadhukhan,
2017). To this end, only one technical and sustainability analysis study
exists. Sadhukhan (2017) has investigated sustainable development of
BES, encompassing technical modelling by analytically solving partial
diﬀerential equations and triple-bottom-line life cycle sustainability
assessment, applied to wastewater treatment in anode and formic acid
synthesis in cathhode.
In a typical BES setup, at pH = 7 Normal Hydrogen Electrode, the
open circuit potential for COD oxidation (acetate) at bioanode is
∼−0.3 V (Call and Logan, 2008). However, CO2 reduction to HCOOH
requires a potential of at least −0.41 V (Rabaey and Rozendal, 2010).
As the resulting cell potential (−0.41 − (−0.3) = −0.11 V) is

economy. At the same time, environmental pollution and waste generation in the industrial, municipal and agricultural sectors continue to
grow (Pant et al., 2011). For example, the pollution of aquatic ecosystems by industrial and municipal wastewaters, containing metallic
and organic contaminants, is a growing environmental concern. The
accumulation of these contaminants in aquatic ecosystems poses a
toxicological hazard to public health and communities of dependent
living organisms. Moreover, traditional wastewater treatment methods
signiﬁcantly contribute to greenhouse gas (GHG) emissions globally
(IPCC, 2014). Global GHG emissions from conventional wastewater
treatment plants could, in fact, reach about 12.1 ktd−1 by 2025 (Rosso
and Stenstrom, 2008). Thus, innovative wastewater treatment technologies with synergetic resource recovery and transformation capabilities are currently being developed (Puyol et al., 2017).
One of such technologies, bioelectrochemical systems (BESs), present a promising opportunity for wastewater treatment and simultaneous in-situ electricity, fuel and chemical production (Sadhukhan
et al., 2016) as well as metal recovery (Ng et al., 2016). BESs are
electrochemical devices that are aided by pure cultures, bacteria communities or isolated enzymes for catalysing redox reactions (Rabaey
et al., 2009). In a typical BES setup, wastewater is fed to the anodic
chamber, where its organic contaminants are oxidised to produce CO2,
protons and electrons. Depending on the mode of operation, the electrons travel through a circuit to either solely generate electricity or
combine with CO2 or other substrates and protons (which diﬀuse
through a membrane) to produce fuels or chemicals in the cathodic
chamber. Various operational modes of BESs, including microbial fuel
cells (MFCs), microbial electrolysis cells (MECs), microbial electrosynthesis systems and other variants have been trialled with promising
results (Rozendal et al., 2008). These BESs are targeted towards various
applications, notably remote electricity generation and wastewater
treatment, resource recovery, sensor applications, desalination and
electrochemical reduction of CO2 into high-value chemical compounds
(Bajracharya et al., 2016). Among these applications, the synthesis of
chemical compounds via CO2 reduction oﬀers multifunctional beneﬁts
towards the implementation of several the United Nations’ Sustainable
40
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2.2. Dynamic modelling

negative, the reaction is non-spontaneous and requires external electrical energy input. Nevertheless, in real systems, a higher voltage
(> 0.4 V) than the theoretical requirement of −0.11 V is required for
HCOOH production due to losses from cell overpotential (Zhao et al.,
2012a). The additional power needed for HCOOH synthesis in the BES
can be either supplied by an external power source or harvested from a
single or stack of MFCs connected in series to the BES (Zhao et al.,
2012b). Past experimental studies have reported the selective electrochemical reduction of CO2 into HCOOH, driven by an external power
source, on various metallic electrocatalysts, including Hg, Pb, Ti, In, Sn,
Cd and Bi with Faradic eﬃciency of 77–97.4% (Alvarez-Guerra et al.,
2014; Hori et al., 1994; Köleli and Balun, 2004). Zhao et al. (2012a)
also demonstrated the production of HCOOH from CO2 in a BES by
utilising electricity generated from a series of MFCs with Pb electrodes
and reported a maximum Faradic eﬃciency of 70%. Wang et al. (2015)
found that using a two-layer rolled Sn-loaded gas diﬀusion electrode as
a BES cathode, can reduce the requisite external electricity for the
electrochemical reduction of CO2 to HCOOH.
The prospect of producing HCOOH industrially, as suggested by
these experimental studies, necessitates a complementary modelling
framework to study the operational, economic and environmental
performance of BES, which can be evaluated via dynamic simulation
(DS), techno-economic assessment (TEA) and life cycle assessment
(LCA), respectively. Prior DS studies have focused on the production of
electricity and hydrogen (Karimi Alavijeh et al., 2015; Pinto et al.,
2011). Also, limited studies are available on LCA of BES. Pant et al.,
2010 proposed a systematic methodology and recommendations for
performing the LCA of BES. Foley et al. (2010), conducted a comparative LCA of electricity generation and hydrogen peroxide production from BES and biogas generation from anaerobic digestion. TEA
studies of BES are likewise scanty in literature. In a prior economic
assessment by Rozendal et al. (2008), the capital costs of lab-scale BES
for wastewater treatment and electricity generation or hydrogen production were evaluated. Christodoulou and Velasquez-Orta (2016)
compared the production costs of acetic acid production from the microbial electrochemical reduction of CO2 and anaerobic fermentation of
CO. However, there is no methodological framework in existing literature that integrates LCA, TEA and DS of BES to enable holistic optimisation of its operation. The integration of DS, TEA and LCA into a
framework, a challenge yet to be confronted, is much needed, as temporal and spatial BES inputs will profoundly impact its economic and
environmental performance. This paper thus aims to meet this challenge by presenting the ﬁrst ever integrated LCA, TEA and DS framework to study the performance of BES for simultaneous wastewater
bioremediation and formic acid production, as the ﬁrst proof of concept.

The dynamic model describes the relationship between bacterial
kinetics, substrate concentration (COD) and the electric potential at the
bioanode, whereas the HCOOH production rate at the cathode is calculated based on the current density and the Faradic eﬃciency of the
electrode. The dynamic model is based on the conductive bioﬁlm matrix approach proposed by Marcus et al., (2007). The conductivity of
the matrix is linked to the current density and local voltages along the
bioﬁlm depth. A similar model has also been used previously (Karimi
Alavijeh et al., 2015) to describe the bioanode of MEC, where the
current density is subsequently used to calculate the hydrogen production rate. The assumptions made in this model are similar to those
described in previous studies (Marcus et al., 2007; Karimi Alavijeh
et al., 2015), as follows:
1. The bioﬁlm is assumed to be a conductive matrix, with a ﬁxed
conductivity .
2. Electron transfer occurs via direct conduction mechanism through
the bioﬁlm.
3. A concentration boundary layer is assumed adjacent to the bioﬁlm
layer and exhibits linear concentration proﬁles.
4. Voltage loss during electron transfer from conductive bioﬁlm to the
anode and during ion transfer across the membrane is assumed to be
negligible.
5. pH and temperature are considered to be constant throughout the
system.
6. Acetate is assumed to be the ‘model electron donor’ substrate present in the wastewater.
7. Protons at the cathode are assumed to be only consumed in HCOOH
production and no other process.
As wastewater enters the anodic chamber, the substrate (COD) is
oxidised by the biomass. Based on the Nernst-Monod model proposed
by Marcus et al. (2007), the speciﬁc rate of COD utilisation or substrate
consumption in the bioﬁlm (q) is given as:

SD
⎞ ⎜⎛1
q = qmax ϕa ⎛
⎝ SD + K SD ⎠ ⎝
⎜

⎟

⎛1 + exp ⎡− F η⎤ ⎞ ⎞⎟
⎣ RT ⎦ ⎠ ⎠
⎝
⎟

(1)

where qmax ,ϕa,SD,K SD,η,F ,R and T represent the maximum speciﬁc substrate consumption rate, volumetric fraction of active biomass, substrate concentration, half maximum rate substrate concentration, local
electric potential relative to EKA (half maximum rate potential), Faradic
constant, Universal gas constant and temperature, respectively. The
biomass also undergoes endogenous respiration at a speciﬁc rate (rres ) as
follows:

⎛1 + exp ⎡− F η⎤ ⎞ ⎞⎟
⎣ RT ⎦ ⎠ ⎠
⎝

2. Methods

rres = bres ϕa ⎜⎛1
⎝

2.1. System description

where bres is the endogenous self-oxidation coeﬃcient for active

⎟

Fig. 1 shows the schematic of the proposed BES—a dual chamber
BES. It has both anodic and cathodic chambers, separated by a cation
exchange membrane, and features a bioanode and an indium-based
cathode.
In the anodic chamber, electrons, protons and CO2 are liberated
from the wastewater COD via microbial oxidation. The protons diﬀuse
through the cation exchange membrane to the cathodic chamber, while
the electrons, supplemented by an external electric power supply, goes
through a circuit to the cathode. Furthermore, it is assumed that the
CO2 released from the anodic chamber is recycled to the cathodic
chamber, which contains 0.1 M KHCO3 catholyte. The protons, electrons and CO2 ﬁnally combine in the cathodic chamber to synthesise
HCOOH.
Fig. 1. BES schematic under consideration.
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biomass. Mass balance of substrate in the bioﬁlm is given as:

0 = DED,f

∂SD
−ρ q
∂z 2 a

Table 1
Parameter values used in the dynamic model.

(3)

where DED,f and ρa represent the corrected diﬀusion coeﬃcient of the
substrate in the bioﬁlm and density of active biomass, respectively. Eq.
(3) is solved using two boundary conditions, one at the anode surface
(z = 0 ) and the other at the interface of bioﬁlm and the diﬀusion layer
(z = Lf ).

DED,f

DED,l

∂SD
∂z

z=0

∂SD
∂z

z = Lf

= 0;

= DED,f

z = Lf

DED,l
⎞ (SD,bulk−SD,surface )
=⎛
⎝ L ⎠

(5)

where DED,l,L,SD,bulk and SD,surface represent the substrate diﬀusion coefﬁcient in the bulk liquid, the thickness of the diﬀusion layer, substrate
concentration in the bulk liquid and substrate concentration at the
bioﬁlm interface, respectively.
It is assumed that the only factor that can change the substrate
concentration in the bulk liquid is the consumption of substrate in the
bioﬁlm.

dSD,bulk ⎞
= −Aan JSD
Van ⎛
⎝ dt ⎠
⎜

Fγ
Fγ
d 2η
−kbio 2 = Qs = − 1 f e0 ρa q− 2 ρa rres
dz
τ
τ

Karimi Alavijeh et al. (2015)
Marcus et al. (2007)

8.314
290
94.9

Zhao et al. (2012b)
Hori et al. (1994)

(14)

RHCOOH =
(8)

jAcat FEHCOOH Mw
nFVcat

(15)

where Acat ,FEHCOOH ,Mw,n and Vcat represent the cathode surface area,
Faradic eﬃciency of the cathode, the molecular weight of HCOOH,
number of electrons transferred per mole of HCOOH (n = 2 ) and volume of the cathodic chamber, respectively. The dynamic model described above is solved using the input parameters provided in Table 1
to determine the rate of change of COD (substrate concentration),
HCOOH production rate, the rate of change of active and inactive
biomass in the bioﬁlm and the voltage and current density proﬁles.

(9)

2.3. Techno-economic assessment

=0

The TEA methodology employed in this study involves the estimation of capital and operating costs, and in turn, the cost of production
per unit of HCOOH synthesised (Sadhukhan et al., 2014). Firstly, the
equipment cost of the BES components, including anode, cathode,
membrane and current collectors, are calculated using the cost parameters obtained from literature and commercial manufacturers
(Table 2). The resulting equipment cost (Ce) is multiplied by a Lang
factor (fL) to compute the total capital cost (CT), as shown in Eq. (16).

(10)

z = Lf

rdec = bdec ϕa

(11)

where bdec is the inactivation rate coeﬃcient.
In addition to the active bacteria, which contribute to COD consumption, this model also includes a diﬀusive non-conductive layer
(made up of inactive microbes) between the conductive matrix and the
bulk anodic liquid. The rate of change of active and inactive biomass
are given as:

∂t

125
0.9

(7)

where Vapp represents the applied potential and V1 and V2 represent the
constants of linear applied potential related function (Karimi Alavijeh
et al., 2015).
The active biomass gets inactivated at the following rate:

∂ϕa

Zhao et al. (2012b)
Karimi Alavijeh et al. (2015)
Kaewsuk et al. (2010)
Marcus et al. (2007)
Marcus et al. (2007)
Marcus et al. (2007)

HCOOH production rate at the cathode is calculated based on the
current density, cathode surface area, cathode chamber volume and the
Faradic eﬃciency of the electrode:

and

dη
dz

Marcus et al. (2007)
Marcus et al. (2007)
Marcus et al. (2007)
Kaewsuk et al. (2010)
Karimi Alavijeh et al. (2015)
Karimi Alavijeh et al. (2015)

ρ
∂v
= Yq−rres−rdec− a rdec
∂z
ρi

where j,Qs,kbio,γ1,γ2,τ and f 0e represent the current density, general
source term, bioﬁlm conductivity, electron equivalence of substrate,
electron equivalence of active biomass, time conversion
(86,400 s day−1) and fraction of electrons from the substrate used for
energy generation respectively. The potential equation is solved using
the following boundary conditions at z = 0 and z = Lf :

η|z = 0 = V1·Vapp−V2−EKA

7.92
0.05
0.01
0.228
125
0.05
96,485
16
300
0.174
0.05
0.941
0.753

where v, Y and ϕi represent the advective velocity, true yield and volumetric fraction of inactive biomass, respectively.
The advective velocity of the bioﬁlm matrix is given as:

(6)

dη
dz

qmax (day−1)

R (J mol−1 K−1)
Van,Vcat (cm3)
FEHCOOH (%)

where Van,Aan andJSD represent the anodic chamber volume, anode
surface area and molar ﬂux of substrate passing through the bioﬁlm,
respectively.
Ohm’s law is used to calculate the current density.

with j = −kbio ∇η = −kbio

Ref.

f 0e

⎟

∇ ·j = Qs

Value

bres (day−1)
L(cm)
Y (kgVS kgCOD−1)
γ1 (mol e-kgCOD−1)
kbio (S m−1)
F (C mol−1)
Aan ,Acat (cm2)
ρa ,ρi (kgCOD m−3)
K SD (kg m−3)
bina (day−1)
DED,l (cm2 day−1)
DED,f (cm2 day−1)
γ2 (mol e− kgVS−1)

(4)

∂SD
∂z

Parameter

+

∂ (vϕa)
∂z

= Yq−rres−rdec

Total capital cost (CT ) = fL . Ce;(fL = 4.64)

Subsequently, the total operating cost, comprising costs of anolyte,
catholyte, requisite external electricity and maintenance, is calculated
using Eq. (17).

Total operating cost (OT ) = Oa + OC + Oelec + Omain

(17)

The operating cost of the anolyte (Oa), catholyte (Oc) and requisite
external electricity (Oelec) are estimated from current market prices
(Table 2), while maintenance cost (Omain) is assumed to be 1% of the
equipment cost.
The resulting total capital and operating costs are then used as inputs for the estimation of the cost of production per unit of HCOOH

(12)

and

ρ
∂ (vϕi )
∂ϕi
= a rdec
+
ρi
∂z
∂t

(16)

(13)
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(m) is estimated from DS results using 1 gL−1 COD and 0.9 V applied
voltage as the basis for estimation. The annual energy cost avoided for
equivalent COD removal in an activated sludge (AS) plant (β) is also
estimated from DS results (1 gL−1 COD and 0.9 V basis), and an AS
plant energy requirement of 2 Wh per gCOD (Xu et al., 2017).

Table 2
Parameters for BES components and operating inventory cost estimation.
Unit

€/unit

Ref.

Capital cost components
Anode
Carbon cloth

m2

14.43

Membrane
Cathode

m2
m2

444
15

m2

27.5

PRF composites,
20301A
Rozendal et al. (2008)
Estimated from In/C –
(20 wt%)
Rozendal et al. (2008)

m3
m3
kWh

0.00113
0.5254
0.1413

Parameter

Current collectora

Material

Naﬁon
In/C- (20 wt
%)
Cu

Operating cost components
Anolyteb
Acetate
Catholytec
0.1 M KHCO3
Requisite external
Electricity
energy
Maintenance
0.01Ce

a
b
c

2.4. Life cycle assessment
The LCA has been conducted in four phases: (i) goal and scope
deﬁnition (ii) inventory analysis; (iii) impact assessment and (iv) interpretation, in line with ISO standards: 14040, 14041 and 14044 (ISO,
2006a,b, 1998).

Average UK market
price
(Sadhukhan et al.,
2014).

2.4.1. Goal and scope of study
The goal of this study is to assess the environmental impact of BESsynthesised HCOOH. The functional unit is thus 1 kg of HCOOH. As the
BES is bifunctional (i.e. COD removal and HCOOH synthesis), 1 kg
HCOOH formation is associated with the removal of 0.406 kg COD,
(obtained from DS results shown later in Table 4). The scope of the LCA
spans from the ‘cradle’ (raw material extraction) to the production gate
in accordance with the system boundary adopted for the TEA in Section
2.3. The system boundary, encompassing raw material extraction, material processing of BES components and operating inventory, is illustrated in Fig. 2.

Area of current collector = 0.005 m3.
Assumed from similar wastewater stream.
Catholyte unit cost estimated from the mass of KHCO3 solute.

synthesised (CP), as given in Eq. (18).

CP =

(CT + RT ) γ + OT −β
m

(18)

Capital recovery factor (γ) is estimated using Eq. (19).

γ=

r
1−(1 + r )t

2.4.2. Inventory analysis
Inventory data are from Ecoinvent database 3.0 (Ecoinvent, 2013)
as provided in SimaPro 8.2.3.0 and results from the dynamic model
(described in Section 2.2). Ecoinvent database pertaining to Great
Britain (GB) has been used for the inventory analysis; otherwise, the EU
(RER) or global (GLO) proxies have been employed. Table 3 shows the
corresponding Ecoinvent 3.0 database for the inventory items as well as

(19)

The operational years (t) and discount rate (r) are taken as 20 years
and 10%, respectively (Sadhukhan, 2017). Furthermore, it is assumed
that the BES is replaced every ﬁve years, and this is the basis for
equipment replacement cost (RT) estimation. The annual HCOOH yield

Fig. 2. Raw material extraction, BES components manufacturing and operations within the LCA system boundary.
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Table 3
Ecoinvent 3.0 databases for BES components’ and operating inventory.
LCA stage

Item

Amount

Unit

Ecoinvent 3.0 database

BES components

Anode

0.24

mg

Cathode

0.34

mg

Membrane
Current collectors
Requisite electrical
energy
Catholyte

0.28
0.55
0.92

mg
mg
MJ

Carbon ﬁbre [0.24 mg]
Inputs for Carbon ﬁbre[1 kg]: Water, completely softened, from decarbonised water, at user {RER}| production
[3.39 kg]; Acrylonitrile {RER}| Sohio process [1 kg]; N,N-dimethylformamide {RER}| production [0.01 kg];
Nitrogen, liquid {RER}| air separation, cryogenic [5.33 kg]; Oxygen, liquid {RER}| air separation, cryogenic
[1.62 kg]; Heat, in chemical industry {RER}| steam production in chemical industry [18.43 MJ]; Electricity, high
voltage {GB}| electricity production, natural gas, conventional power plant [2.38 kWh] (GaBi, 2016)
Emissions from Carbon ﬁbre [1 kg] Oxygen [1.22 kg]; Nitrogen [10.44 kg]; Dimethyl formamide [0.0097 kg];
Carbon dioxide [1.01 kg]; Carbon monoxide [0.00324 kg]; Nitrogen dioxide [0.0038 kg]; Hydrogen cyanide
[0.0031 kg]; Ethane [0.0000101 kg]; Ammonia [0.00116 kg]; Sulfuric acid [0.02 kg]; Water, GB [8099 m3]
Inputs for In-based cathode [1 kg]: Indium {RER} production [0.2 kg]; Tetraﬂuoroethylene {RER} production
[0.1 kg]; Carbon Fibre [0.8 kg]
Tetraﬂuoroethylene {RER} production
Copper, from solvent-extraction electro-winning {GLO}| copper production, solvent-extraction electro-winning
Electricity, high voltage {GB}| production mix

1.38
2.92

kg
MJ

Potassium bicarbonate {GLO}| production, from potassium hydroxide
Electricity, high voltage {GB}| production mix

Operating inventory

COD-avoided energy
(COD beneﬁt)

from polytetraﬂuoroethylene. Inventory data for tetraﬂuoroethylene
provided in Ecoinvent 3.0 has been used as a proxy for Naﬁon. The
anode is made out of carbon ﬁbre, which is manufactured from polyacrylonitrile. The inventory data for carbon ﬁbre has been collated from
GaBi 6.0 Ecoinvent 3.0, and equivalents in Simapro Ecoinvent 3.0 have

the amounts of the items. The collated inventory items include BES
components: membrane, anode, cathode and current collectors, the
operating inventory: requisite external electricity for HCOOH synthesis
and catholyte and the avoided energy for COD removal. It is assumed
that the system utilises a Naﬁon membrane, which is manufactured

Fig. 3. Change in substrate concentration (gL−1) and HCOOH production rate (mgL−1 h−1) as a function of time for three diﬀerent values of initial COD concentration (A & B), Sbulk0 = 1,
0.5 and 0.25 gL−1 and for ﬁve diﬀerent applied potential values (C & D), Vapp = 0.9 V, 0.85 V, 0.8 V, 0.75 V and 0.7 V. The eﬀect of initial COD concentration has been studied at a ﬁxed
applied potential of 0.9 V, and the eﬀect of applied potential has been studied at a ﬁxed initial COD concentration of 1 gL−1.

44

Bioresource Technology 255 (2018) 39–49

M. Shemfe et al.

substrate consumption and HCOOH production. For three values of
Sbulk0: 1 gL−1, 0.5 gL−1, and 0.25 gL−1, 90% of substrate consumption
took about 60 h, 40.5 h and 31 h, respectively. Calculating based on the
total amount of substrate consumed, the rate of substrate consumption
per hr is highest at Sbulk0 = 1 gL−1 (15 mgL−1 h−1), followed by
0.5 gL−1 (11 mgL−1 h−1) and 0.25 gL−1 (7 mgL−1 h−1). The rate of
HCOOH production also follows the same trend as can be seen in
Fig. 3B. For all the three values of Sbulk0, HCOOH production rate decreases with time with a corresponding decrease in the available substrate for oxidation at the bioanode. Starting HCOOH production rates
in this analysis for Sbulk0, 1 gL−1 and 0.5 gL−1 are about 46 and
40 mgL−1 h−1. These values are comparable to those obtained by Chen
et al. (2013), 63 mgL−1 h−1; but higher than those obtained by Zhao
et al. (2012a), 21 mgL−1 h−1. It should be noted that Zhao et al.
(2012a) have used composite modiﬁed cathode which had an average
Faradic eﬃciency of about 75%. In this study, an indium-based cathode
is assumed with a Faradic eﬃciency of 94.9% (Hori et al., 1994). Some
other factors which have not been included in the dynamic model, such
as the overpotential at the cathode and the losses due to membrane
resistance may decrease the current density in real systems and thereby
the HCOOH production rate.

been used accordingly. The inventory data for the indium-based
cathode has been obtained by assuming 18 wt%, 73 wt% and 9 wt% for
the indium catalyst, carbon ﬁbre support and polytetraﬂuoroethylene
binder, respectively. The current collectors are made from copper,
which is manufactured from solvent-extraction electro-winning. The
requisite external electricity for HCOOH synthesis, estimated from the
DS, is assumed as high voltage grid mix in Great Britain. The catholyte
(0.1 M KHCO3) has also been accounted for based on data provided in
Ecoinvent database 3.0. A catholyte make-up factor of 0.5% is assumed
in this study, although in an ideal industrial case the catholyte is expected to be fully recovered. This assumption is consistent with a recent
TEA on electrochemical conversion (Dang et al., 2017). Avoided electricity for equivalent COD removal by an activated sludge plant is estimated to be 3.21 kWhkg−1 (consumption of energy per kg of COD
removed via activated sludge in Europe) (Guerrini et al., 2017), for
which the chosen inventory database is high voltage grid mix in Great
Britain in Ecoinvent 3.0. HCOOH is industrially produced by three
fossil-based methods: decarboxylative cyclization of adipic acid, oxidation of butane and hydrolysis of methyl formate (Ecoinvent, 2013).
An average of these production methods is considered for comparison
with the BES-synthesised HCOOH.
2.4.3. Life cycle impact assessment
IMPACT 2002+, as provided in SimaPro 8.2.3.0, is employed for
life cycle impact assessment (LCIA). This methodology allows the
combined assessment of midpoint and endpoint impact categories. The
midpoint impact categories include carcinogens, non-carcinogens, respiratory inorganics and organics, ionising radiation, ozone layer depletion, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidiﬁcation, land occupation, aquatic acidiﬁcation, aquatic eutrophication,
global warming, non-renewable energy and mineral extraction
(Humbert et al., 2012). These midpoint categories are then classiﬁed
into four endpoint impact categories: human health, ecosystem quality,
climate change, and resources.
Firstly, the midpoint environmental impacts (MEI) of the BES
components, operating inventory and COD removal, have been individually assessed (Fig. 2). Next, the MEI of equal mixes of the three
fossil-based formic acid production methods are estimated. The potential net MEI saving is estimated as (i.e. MEI beneﬁt – MEI cost)
(Sadhukhan, 2017; Sadhukhan et al., 2014). In the net MEI saving
analysis, in one case, avoided burden is estimated based on COD removal or HCOOH production alone. In another case, the avoided
burden is allocated to the two services, i.e. COD removal and HCOOH
production, based on their economic allocations (Sadhukhan et al.,
2014). Lastly, the MEIs of BES components and operating inventory and
conventional fossil-based COD removal and formic acid production
methods are classiﬁed and characterised into endpoint environmental
impacts for net MEI savings.

3.1.2. The inﬂuence of applied potential on COD removal and HCOOH
production
Fig. 3C and D show the inﬂuence of applied potential on substrate
concentration and HCOOH production rate. As can be seen in Fig. 3C,
the rate of substrate consumption increases quite linearly with increase
in applied potential, between 0.7 V and 0.9 V. Substrate consumption
rate per hour can be calculated from Fig. 3C and increases from, 0.3
mgL−1 h−1 for Vapp = 0.7 V to reach up to 15 mgL−1 h−1 for
Vapp = 0.9 V. HCOOH production rate at the start, also follows a linear
trend with applied potential with the highest at 0.9 V and lowest at
0.7 V. Zhao et al. (2012a,b) also observed a linear dependence between
HCOOH production rate and applied potential. However, as it can be
seen in Fig. 3D, this linear trend breaks after about 40 h, due to the
complex interdependence between the substrate concentration and the
current density (as described in Eqs. (1), (3) and (7)). A faster-decreasing substrate concentration for 0.9 V results in a proportionate
decrease in current density. This causes the HCOOH production rate for
0.9 V to fall below that of 0.85 V and 0.8 V. Near the end of 3 days (72
h), the HCOOH production rate is highest for 0.8 V, which remains
constant roughly at an average value of 22 mgL−1 h−1. The overall
HCOOH production in one batch would still be highest for 0.9 V applied
potential. It should also be noted here that the Faradic eﬃciency is
known to have a nonlinear relationship with applied potential (Zhao
et al. 2012a,b; Wang et al. 2015), which is mainly dependent on the
type of material used for the cathode, amongst other factors. In this
study, a constant Faradic eﬃciency is assumed. Thus a linear trend of
HCOOH production is expected. LCA and TEA will address how the two
important parameters: initial COD concentration and applied potential,
as presented in Tables 4A and 4B, inﬂuence the environment and economic cost of running the proposed system.

3. Results and discussion
3.1. Dynamic simulation results

• The dynamic model is used to determine the inﬂuences of the ap-

Table 4A
Change in COD removal rate and HCOOH production rate due to change in initial COD
(0.25–1.00 gL−1) at a constant applied voltage of 0.9 V.

plied potential and the initial COD concentration in the wastewater
on the substrate consumption (COD removal) rate and HCOOH
production rate. These results are presented in Fig. 3A and B. The
tabulated results of the inﬂuences of the initial COD concentration
in the wastewater and the applied potential on the substrate consumption (COD removal) rate and HCOOH production rate are also
presented in Tables 4A and 4B, respectively.

Initial COD (gL−1)
−1

−1

COD removal rate (gL h )
HCOOH production rate (gL−1 h−1)
HCOOH production rate in gL−1 over 1 h
HCOOH production rate/COD removal rate
COD energy use/HCOOH production rate (kJg−1)
External power input W (Js−1)
External energy input/COD removal (kJg−1)
External energy input / HCOOH production rate (kJg−1)

3.1.1. The inﬂuence of initial COD concentration on COD removal and
HCOOH production
As can be seen from Fig. 3A and B, change in the initial COD
(substrate) concentration (Sbulk0) has a strong inﬂuence on the rates of
45

0.25

0.50

1.00

0.007
0.008
0.008
1.09
13.26
0.003
4.85
4.47

0.011
0.027
0.027
2.48
5.80
0.003
3.09
1.24

0.015
0.037
0.037
2.46
5.85
0.003
2.27
0.92
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Accordingly, on an annual basis, HCOOH production rate and COD removal rate are estimated to be 0.094 kgyr−1 and 0.038 kgyr−1, respectively. Moreover, it is assumed that two BES units of 290 cm3 each
(Table 1) are set up. In this way, one unit will be operating while the other
is regenerating so as to ensure continuous operation. The equipment cost,
comprising the cost of anode, cathode, membrane, and current collectors
(using cost data in Table 2), is estimated to be €1.57 (for two BES units).
Fig. 4A shows the estimated equipment cost of the BES per component.
Membrane cost accounts for 91% of the equipment cost, whereas anode,
cathode, and current collectors’ costs constitute 2.9%, 2.9% and 3.5%,
respectively. Based on the calculated equipment cost of €1.57, the total
capital cost for the system is €7.44 using equations 16. The total operating
cost is €0.03 yr−1, accruing from the costs of anolyte, catholyte, requisite
external energy and maintenance, as shown in Fig. 4B. The catholyte cost
forms the major constituent of the operating cost, at 54%, mainly due to
the cost of the solute of 0.1 M KHCO3. Tables 5A and 5B correspondingly
show the cost breakup of the total capital and operating costs of the BES.
The production cost per unit mass of HCOOH produced is estimated as
€0.015 g−1 using the values of total capital and operating costs presented
in Tables 5A and 5B as inputs in Eq. (18). Future process improvements, in
terms of durable high eﬃcient metallic electrocatalysts or biocatalysts
(microbial and enzymatic) and electrodes, will nullify the need for frequent component replacement and thus reduce the cost of production.
Moreover, technological advances by way of devising highly eﬃcient
biocatalysts, electrodes or functional catalysts, in particular if these are
recovered from waste streams in-situ (Sadhukhan et al., 2017), will improve the system’s economic viability. To demonstrate, an increase in the
HCOOH production rate by BES from 0.094 kg yr−1 to 0.26 kg yr−1, will
make its synthesis competitive at €0.005 g−1. The modular characteristic
of BES makes it favourable to scale-up by repeating an optimally sized
module to meet a given throughput.
The inﬂuences of change in initial COD concentration of wastewater
(at a constant applied potential of 0.9 V) and change in applied potential (at a constant initial COD of 1 gL−1) on the cost of production
per HCOOH produced are presented in Fig. 5A and 5B, respectively.
As can be seen in Fig. 5A, the cost of production noticeably decreases
from €0.08 g−1 to €0.015 g−1 when the initial COD is increased from 0.25
to 1 gL−1. An increase in applied potential from 0.75 to 0.90 V, on the
other hand, also results in a striking reduction in the cost of production:
€0.46 g−1 to €0.02 g−1, due to increased productivity, as shown in Fig. 5B.
This result suggests that applied voltage is a more crucial operating variable than initial COD (substrate concentration), within the studied operating envelope. Nevertheless, both variables: initial COD and applied potential should be optimised to reduce the cost of production. Furthermore,
it appears that the cost of additional voltage to oﬀset losses in real systems
due to overpotentials may be somewhat minimal at a suﬃciently high
constant initial COD concentration.

Table 4B
Change in COD removal rate and HCOOH production rate due to change in applied
voltage (0.7–0.9 gL−1) at constant initial COD of 1 gL−1.
Applied Voltage (V)

0.9

0.85

0.8

0.75

0.7

COD removal rate
(gL−1 h−1)
HCOOH production rate
(gL−1 h−1)
HCOOH production rate/
COD removal
External power input W
(Js−1)
External energy input in kJ
over 1 h
External energy input/COD
removal (kJg−1)
External energy input/
production rate (kJg−1)

0.015

0.013

0.009

0.002

0.00030

0.037

0.032

0.022

0.005

0.0013

2.46

2.50

2.47

2.72

4.17

0.00274

0.00226

0.00122

0.00033

0.00007

0.010

0.008

0.004

0.001

0.0002

2.266

2.160

1.705

2.052

2.760

0.921

0.867

0.690

0.756

0.662

Fig. 4. A and B Total capital cost and total operating cost, respectively.

3.3. LCA results
Table 5A
Total capital cost components.
2

Cost component

Size (cm )

Mass (mg)

Value (€)

Anode
Cathode
Membrane
Current collectors (×2)
Equipment cost (×2)
Total capital cost

16
16
20
5
–
–

0.0114
0.0157
0.0133
0.026
–
–

0.023
0.023
0.710
0.028
1.57
7.44

The midpoint environment impacts (MEI) of BES components, operating inventory, avoided energy for COD removal, average fossilbased HCOOH production, and the net MEI saving analysis results, are
presented in Table 6. As can be seen in Table 6, the operating inventory
exhibits more impact scores than the BES components across all midpoint categories. The MEI of BES components, as expected, is negligible
in comparison to the operating inventory. This result is consistent with
those obtained by Sadhukhan (2017) and Foley et al. (2010), where the
environmental impact of BES construction is minimal relative to its
operational phase. Most interestingly, formic acid synthesis and COD
removal via the BES show considerable environmental beneﬁts across
all midpoint impact categories. The presented environmental beneﬁts
are due to the displacement of fossil-based formic acid production and
electricity required for equivalent COD removal in an activated sludge
plant. The environmental impact of the equal mixes (average) fossilbased HCOOH is overwhelmingly more than the combined

3.2. TEA results
The basis of TEA is derived from DS, 1 gL−1 COD and 0.9 V applied
voltage (Table 4A). This corresponds to COD removal and HCOOH production rates of 0.0044 gh−1 and 0.0107 gh−1 (Table 4A), respectively.
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environmental impacts of the BES (i.e. components and operating inventory) across all midpoint categories, thus giving the highest environmental impact saving by the displacement of fossil-based production methods. Thus, as shown in Table 6, signiﬁcant environmental
burden can be avoided from the displacement of fossil-based production
methods by BES-synthesised HCOOH. The avoided environmental
burden from the displacement of fossil-based wastewater treatment
methods by BES-treated water is less than that from the displacement of
fossil-based production methods by BES-synthesised HCOOH. The
avoided environmental burdens by each functionality of BES, formic
acid synthesis and wastewater treatment, are shown without and with
economic allocations between the two functionalities, price of formic
acid and cost of COD removal by activated sludge process, with no
diﬀerence in conclusions, apart from the quantities of the net MEI
savings.
The endpoint impact potential costs due to BES operating and assemblage, and beneﬁts due to avoided grid electricity for COD removal
for wastewater treatment by activated sludge process and avoided
global average fossil-based HCOOH production on climate change, resources, human health and ecosystem quality are depicted in Fig. 6.
The environmental impact costs of BES operating inventory (−5%)
are noticeable than those exhibited by BES assemblage (∼0%) in all
endpoint categories; nevertheless, they are outweighed by the environmental beneﬁts of HCOOH synthesis (93%) and COD removal
(12%) by BES. The LCA results obtained in this study are comparable to
that obtained by Sadhukhan (2017), e.g. in climate change potential
saving: 2.5 kg CO2-eq; resources saving potential: 61 MJ, and that
shows the environmental beneﬁts of avoided products suﬃciently oﬀset
the environmental costs. While LCA shows strong drivers for BES with
respect to all environmental impact categories, TEA shows the need for
scale-up for commercial application of BES. It is foreseeable to the
authors that BES will create opportunities in resource recovery and
productivity from waste in the context of circular economy, due to its
modular approach, which means a proven cost-eﬀective and optimal
module can be repeated to meet a given throughput; multi-functionality
and a high range of product slate; and increasing number of competitive
robust designs towards commercialisation.

Table 5b
Total operating cost components.
Cost component

Amount per yr

Value (€/yr)

Anolyte
Catholyte
Electricity input
Maintenance cost
Total operating cost

2.54 m3
0.013 m3
0.024 kWh
–
–

0.0029
0.0069
0.0034
0.016
0.029

Fig. 5. A and B Eﬀects of changes in initial COD (at constant applied potential of 0.9 V)
and applied potential (at constant initial COD of 1 gL−1) on the cost of production, respectively.

4. Conclusions
An integrated framework for DS, TEA and LCA of BES has been
demonstrated using HCOOH synthesis as a case study. Substrate concentration (initial COD) and applied potential have been found to have

Table 6
Midpoint impacts of BES operating (O), assemblage (A) and total; COD removal by activated sludge process (COD-R) and average fossil-based HCOOH production (FA-P), and net MEI
saving analysis (basis: 1 kg HCOOH and thus, 0.406 kg COD removal). TEG: Triethylene glycol.
BES (O)

BES (A)

Total BES

COD-R

FA-P

Net MEI savings
w/o allocation

Impact category
Carcinogens (kg C2H3Cl eq)
Non-carcinogens (kg C2H3Cl eq)
Respiratory inorganics (kg PM2.5 eq)
Ionizing radiation (Bq C-14 eq)
Ozone layer depletion (kg CFC-11 eq)
Respiratory organics (kg C2H4 eq)
Aquatic ecotoxicity (kg TEG: triethylene glycol
water)
Terrestrial ecotoxicity (kg TEG soil)
Terrestrial acidiﬁcation (kg SO2 eq)
Land occupation (m2)
Aquatic acidiﬁcation (kg SO2 eq)
Aquatic eutrophication (kg Phosphate eq)
Global warming (kg CO2 eq)
Non-renewable energy (MJ primary)
Mineral extraction (MJ surplus)

w economic allocation

COD-R

FA-P

COD-R

FA-P

7.7 × 10−4
7.6 × 10−4
1.4 × 10−4
6.32
9.5 × 10−9
1.2 × 10−5
6.76

7.9 × 10−7
2.6 × 10−6
5.9 × 10−8
2.3 × 10−4
3.0 × 10−9
1.7 × 10−8
0.02

7.7 × 10−4
7.7 × 10−4
1.4 × 10−4
6.32
1.2 × 10−8
1.2 × 10−5
6.78

8.2 × 10−4
1.6 × 10−3
3.3 × 10−7
18.97
2.5 × 10−8
2.7 × 10−5
17.61

0.07
0.03
2.3 × 10−3
32.15
3.7 × 10−7
1.6 × 10−3
154.61

5.2 × 10−5
7.9 × 10−4
1.9 × 10−4
12.65
1.2 × 10−8
1.5 × 10−5
10.82

6.9 × 10−2
2.6 × 10−2
2.2 × 10−3
25.83
3.6 × 10−7
1.6 × 10−3
147.84

8.0 × 10−4
1.5 × 10−3
3.3 × 10−4
18.84
2.5 × 10−8
2.7 × 10−5
17.46

6.9 × 10−2
2.6 × 10−2
2.2 × 10−3
25.97
3.6 × 10−7
1.6 × 10−3
147.98

1.75
2.3 × 10−3
2.4 × 10−3
8.7 × 10−4
2.5 × 10−5
0.17
2.79
2.6 × 10−3

0.01
1.1 × 10−6
7.1 × 10−7
2.8 × 10−7
2.0 × 10−7
6.7 × 10−5
3.5 × 10−4
5.4 × 10−5

1.76
2.3 × 10−3
2.4 × 10−3
8.7 × 10−4
2.5 × 10−5
0.17
2.79
2.7 × 10−3

4.42
6.3 × 10−3
6.1 × 10−3
2.4 × 10−3
5.9 × 10−5
0.46
7.86
2.6 × 10−3

42.48
0.04
0.04
0.01
6.1 × 10−4
4.02
55.65
0.11

2.66
4.0 × 10−3
3.7 × 10−3
1.5 × 10−3
3.4 × 10−5
0.29
5.07
−1.7 × 10−4

40.71
3.3 × 10−2
3.9 × 10−2
1.1 × 10−2
5.9 × 10−4
3.85
52.86
1.1 × 10−1

4.38
6.2 × 10−3
6.0 × 10−3
2.4 × 10−3
5.8 × 10−5
0.45
7.80
2.5 × 10−3

40.75
3.3 × 10−2
3.9 × 10−2
1.1 × 10−2
5.9 × 10−4
3.86
52.92
1.1 × 10−1
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Fig. 6. Life cycle impact potential beneﬁts (shown
on + x axis) and costs (shown on -x axis) and thus net
savings of BES in Impact 2002 + end point categories
normalised to 100. The net saving amounts on the basis
of 1 kg formic acid synthesis and thus 0.406 kg COD
removal are in climate change: 4.3 kg CO2-eq; resources: 61 MJ; ecosystem quality: 0.46 Potentially
Disappeared Fraction (PDF) of species over a speciﬁc
area (m2) during on year; human health: 2.06 × 10−6
Disability-adjusted life years (DALY) describes the severity of disease, in terms of mortality and morbidity.

BES operating
BES assemblage
Avoided fossil-based wastewater treatment
Avoided fossil-based formic acid synthesis
strongest inﬂuence on the rates of COD removal and HCOOH production, and consequently, the cost of production. DS correlations are used
in TEA/LCA for holistic evaluation of BES. Membrane and maintenance
costs are the major contributors to capital and operating costs, respectively. BES (assemblage and operational) shows signiﬁcant environmental beneﬁts in comparison to current fossil-based industrial
methods for the provision of same functionalities, product synthesis and
wastewater treatment.
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