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ARTICLE INFO ABSTRACT

Handling Editor: Zhifu Mi An innovative technology, called Acid Base Flow Battery (AB-FB), has been developed to overcome the inter-
mittent supply of wind and solar electricity generation. It stores electrical energy using pH and salinity differ-
ences in the water and compared with other battery technologies, such as Vanadium Redox Flow Battery (VRFB),
the new system is expected to be safer, more sustainable and to become a cost competitive option. To provide a
deeper knowledge of the new system potentials, in this research, Life Cycle studies under cradle to grave
approach have been carried out to assess the environmental and economic performance of 1 MW/6 MWh AB-FB
system. Furthermore, 1 MW/6 MWh VRFB has been considered as the reference case. According to the
comparative analysis, the AB-FB system exhibited the best environmental and economic performance, placing
the AB-FB system as the most sustainable technology. In terms of environmental impacts related to the three
process stages, the AB-FB system operation stage yielded the most relevant environmental burden, mostly
attributed to energy losses due to the system efficiency. Manufacturing of the AB-FB system was the second stage
with the more significant quote to the total environmental burden. Particularly, impacts were related to the
power subsystem components being steel, copper, polyethylene and polyvinylchloride identified as the key
materials responsible of this tendency. In contrast, the VRFB manufacturing was the most relevant process stage
in terms of environmental implications. The energy subsystem was responsible for this tendency due to the
vanadium-based electrolyte production related impacts. This component of the VRFB system was also its main
constrains in terms of costs. The VRFB investment cost (339 €/kWh) was almost twice the AB-FB one (184
€/kWh), mostly affected by the VRFB electrolyte cost production.
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acts as Renewable Energies Support (RES). However, some environ-
mental issues related to the components of the battery can be also
identified (Diaz-Ramirez et al., 2020b).

Vanadium, which is the based on the VRFB electrolyte, has been
recently listed as a Critical Raw Material (CRM) (European Commission,
2020a). The consumption of this resource constitutes a challenge for this
type of Energy Storage System (ESS) in the near future, especially in the
frame of the industry 5.0 (European Commision, 2021). In addition, the
vanadium-based electrolyte production cost is mostly responsible for the

1. Introduction

Among all the current battery approaches, flow batteries represent
one of the most promising technologies to overcome electricity supply
limitations in the renewable energy market (Sanchez-Diez et al., 2021).
In fact, Vanadium Redox Flow Batteries (VRFB) have risen as one of the
most emerging technologies to effectively store renewable energy

(Diaz-Ramirez et al., 2020a, 2020b; Lourenssen et al., 2019; Weber
et al., 2018). This technology seems to fulfil criteria, such as safety,
durability, economic competitiveness, and site-independence. Besides, it
offers independent scalability of its power and energy capacity, deep
discharge capacity and a cycle life suitable for solar PV power applica-
tions (Bhattacharjee et al., 2018). All of these characteristics are
considerably advantageous for the VRFB technology, especially when

high cost of the VRFB technology compared with other ESS technologies
use as RES, such as lithium ion batteries or pumped hydro storage
(Coester et al., 2020; Javed et al., 2021; Li et al., 2017; Lourenssen et al.,
2019; Noack et al., 2016). On the other hand, VRFB electrolyte is made
of sulfuric acid which may cause degradation within the cell lowering
the battery life (Lourenssen et al., 2019).
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Nomenclature

AB-FB  Acid Base Flow Battery

APOS Allocation at the point of substitution
AEM Anion Exchange Membrane

Cgg,a Annualized External Environmental Cost
Cpr,a Annualized Disposal and Recycling Cost
CR,a Annualized Future Cost of Replacement

Cicc;a  Annualized Life Cycling Costs
Cosm,@ Annualized Operation & Maintenance costs
Ccap,a  Annualized Total Capital Cost

BOP Balance of Plant

BMS Battery Management System

BPM Bipolar Membrane

BPMED Bipolar Membrane Electrodialysis
BPMRED Bipolar Membrane Reverse Electrodialysis
CAPEX Capital Expenditure,

CEM Cation Exchange Membrane

CRM Critical Raw Material

CRF Capital Recovery Factor

DoD Depth of Discharge

CDR,a  Disposal and Recycling Costs
EoL End-of-Life

ESS Energy Storage System

EI Environmental Indicator
ELCC Environmental Life Cycle Cost
ECF External Cost Factor

Ceg External Environmental Cost
PMFP Fine Particulate Matter Formation
FFP Fossil Resource Scarcity

FETP Freshwater Ecotoxicity

FEP Freshwater Eutrophication

FC Fuel Cell

FU Functional Unit

GWP Global Warming Potential

HTPc Human Carcinogenic Toxicity
HTPnc Human Non-Carcinogenic Toxicity
IRP Ionizing Radiation

LOP Land Use

LCOE Levelized Cost of Electricity

LCC Life Cycle Cost

LCA Life Cycle Analysis or Assessment
LCI Life Cycle Inventory
LDPE Low Density Polyethylene

METP Marine Ecotoxicity

MEP Marine Eutrophication

Sop Mineral Resource Scarcity
LCOS Net Levelized Cost Of Storage

nsys Overall Efficiency

HOFP Ozone Formation, Human Health

EOFP Ozone Formation, Terrestrial Ecosystems
PV Photovoltaic Panels

PE Polyethylene

PP Polypropylene

PCS Power Conversion System

RFB Redox Flow Batteries

RS Renewable Energy Sources Support
REDOX Reduction-Oxidation Reactions

RTE Round Trip Efficiency

SoC State of charge

ODP Stratospheric Ozone Depletion

SMES Superconducting Magnetic Energy Storage
SI Supporting Information

TAP Terrestrial Acidification

Tetp Terrestrial Ecotoxicity

TCC Total Capital Cost

VR Valve Regulated

Vrfb Vanadium Redox Flow Battery
WCP Water Consumption
WT Wind Turbines

By considering these constraints, a potentially more sustainable flow
battery is the so-called Acid Base Flow Battery (AB-FB). This innovative
technology is based on the reversible water dissociation by bipolar
membranes, and it stores electricity in the form of chemical energy in
acid and base solutions (Culcasi et al., 2020; Parnamae et al., 2020). A
schematic representation of the AB-FB is depicted in Fig. 1. In particular,
the Bipolar Membrane Electrodialysis (BPMED) process uses electrical
energy to produce acidic and alkaline solutions that are then exploited in
the reverse process, i.e. the Bipolar Membrane Reverse Electrodialysis
(BPMRED) to generate electricity (Culcasi et al., 2020).

This technology is foreseen to be attractive for stationary electrical
energy storage and might offer scalability (kWh up to MW-MWh) suit-
able for different capacities and applications. The risks of the AB-FB
system are extremely low, as the system cannot be overcharged or
over-discharged, the salt solutions and the electrodes are thermally
stable, no exothermic reactions are involved and hence, there is no risk
of a thermal runaway.

In contrast with the VRFB technology, the new system is composed
by an electrolytic solution based on water and salt. It does neither
contain toxic chemicals nor scarce elements, which might result into a
safer and more sustainable technology than other commercially avail-
able batteries (van Egmond et al., 2018). Furthermore, the AB-FB
technology exhibits minimal issues of degradation and contamination
since salt composition is kept without interactions with other elements.
Finally, in terms of costs, the AB-FB system has the potential to achieve

very low capital cost levels per kWh storage (Culcasi et al., 2020). In
fact, the capital cost levels per kW are mostly dependent on components
such as membranes and stacks, which are still under development
(Parnamae et al., 2020).

According to the state of the art of literature, a similar approach to
the AB-FB system has been recently published (Morales-Mora et al.,
2021). There is, however, no evidence how the system would perform in
practice. Furthermore, compared to the AB-FB system, some limitations
can be anticipated. On the one hand, it has been applied a high salt
concentration (1.6M) (Morales-Mora et al., 2021), which is foreseen as
one drawback of the membrane selectivity (Fan and Yip, 2019). More-
over, contrary to previously mentioned experimental work on the AB-FB
technology (van Egmond et al., 2018), NaySO4 has been considered
instead of NaCl as electrolyte (Morales-Mora et al., 2021). It might cause
environmental implications due to the formation of electrolyte compo-
nents such as HySO4 (Morales-Mora et al., 2021). Effects of this type of
component have been reported to the VRFB system in literature (Dia-
z-Ramirez et al., 2020b; Weber et al., 2018).

In order to gain more insight into the aforementioned AB-FB ex-
pected potentials, it is needed to carry out a detailed evaluation of the
environmental and economic potential of the innovative technology.
Many authors studied and compared applicability of ESS through the
Life Cycle approach (Gouveia et al., 2020b; Longo et al., 2013; Zhang
et al., 2020). This methodology is the most widely used to evaluate the
product or system related impacts through its life cycle, which implies
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Fig. 1. Schematic representations of the AB-FB system. Adapted from (Culcasi et al., 2020).

all production stages from the extraction and processing of the raw
materials to the final disposal of the product. Particularly, the envi-
ronmental impacts are evaluated by applying Life Cycle Assessment
(LCA) studies (Lopez et al., 2020; Morales-Mora et al., 2021; Weber
et al., 2018) whereas economic issues can be revised by performing Life
Cycle Cost analysis (Battke et al., 2013; Zakeri and Syri, 2015).

Under this premise, the specific objectives of this work were:

i) To generate an exhaustive analysis of the AB-FB environmental
performance from the point of view of the LCA studies to identify
environmental hotspots and potential measures to improve the
environmental behaviour of the AB-FB system,

ii) To develop a revision of the AB-FB system applicability for RS by
assessing different operation scenarios in terms of energy source
for electricity generation and origin with the aim of exploring
conditions fostering a more ESS sustainable service,

iii) To perform an analysis of related costs attributed to the life cycle
of the AB-FB technology to determine the most influential
financial aspects.

Life cycle approaches were applied in this work to generate valuable
and more quantitative information concerning environmental and eco-
nomic performance of the AB-FB technology. Information generated
from these studies will be also compared with the one obtained to the
VRFB system, which was considered for benchmarking purposes, by
following same methodological approaches.

Results attained by this research were aimed to not only update the
state of the art of batteries as energy storage units but also to provide a
deeper knowledge on potential impacts of the new technology. Based on
this study, possible applications and needs for further development of
the new AB-FB technology have been identified, and potentials to
become a competitor of VRFB in terms of environmental as well as
economy issues have been explored.

2. Materials and methods

In this section, the two-battery cases are introduced, and a detailed
description of the evaluation methodology is presented.

The methodological approach considered in this work was primarily
focused on gaining a deeper understanding of the environmental and
economic performance of 1 MW/6 MWh AB-FB system. To carry out this
type of evaluation, Life Cycle studies have been developed to the new
technology from a Cradle to Grave approach. Secondly, it was done a
comparative evaluation of the AB-FB system results with the ones
generated to the VRFB system (benchmarking technology). To guarantee
comparison of the results, raw data gathered to the VRFB was processed
by following the LCA/LCC methodological approaches applied to the
AB-FB system. Finally, a sensitivity study was performed for evaluating
the influence of the different battery operation parameters.

2.1. Battery study cases

The two battery systems analysed in this paper were characterised by
a mean power of 1 MW and, particularly, a nominal capacity of 9.7 MWh
for the AB-FB system and 8.3 MWh for the VRFB system.

The innovative AB-FB technology is composed of three main
subsystems:

i) Power subsystem or stack (determining the power rating), where
many membranes are stacked in a repetitive manner named
triplet-cells and also called the reaction units of the AB-FB system.
One triplet-cell is constituted by three membranes: one Cationic
Exchange Membrane (CEM), one Anionic Exchange Membrane
(AEM) and one Bipolar Membrane (BPM), consisting of CEM and
AEM.

Energy subsystem (determining the storage capacity), which
comprises the aqueous salt and electrolyte (where the chemical
energy is stored) solutions as well as the associated components
for storage.

ii

-
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iii) Periphery, which corresponds to pumps, pipes, inverter, battery
management system and Process Control System (PCS).

Similarly, to the AB-FB system, the VRFB technology is divided into
three main subsystems (Weber et al., 2018):

i) a power subsystem comprising all components related with the
stack and the battery cells (determining the power rating).
ii) an energy subsystem constituted by the electrolyte and associated
components (determining the storage capacity).
iii) all remaining components are assigned to be the periphery: one
heat exchanger, the inverter, BMS and PCS.

A summary of the main technical parameters related to these two
technologies is included in Table 1. The design parameters of the AB-FB
system were obtained from the development path envisioned by the
BAoBaB project (www.baobabproject.eu) for 2025 (Parnamae et al.,
2020). For VRFB, the design parameters were obtained from the litera-
ture (Weber et al., 2018). In both cases, the effective energy capacity
corresponded to 6 MWh (see Table 1), as this parameter depended on the
application. For comparative reasons, the AB-FB system described here
was thought to work in same applications as the VRFB system. For this
reason, the final specifications of the AB-FB system were a power ca-
pacity of 1 MW and a net storage capacity 6 MWh.

Effective capacity (Ce) was quantified by multiplying nominal ca-
pacity (Cn) by the Round Trip Efficiency (RTE), also named energy ef-
ficiency, and the Depth of Discharge (DoD), according to equation (1):

Ce (MWh provided) = Cn x RTE x DoD (€D)]

Based on the future scenario for 2025 (Parnamae et al., 2020), the
AB-FB power density would be 41.75 W/m? of membrane (or 125 W/m?
of triplet), and the RTE equal to 65%. This power density is 3 times
higher than the current one when working with the available mem-
branes (30-40 W/m? per triplet) (Parnamaée et al., 2020). However, it is
three times lower than values projected in a bipolar electrodialysis flow
battery study (335 W/m? per triplet) (Morales-Mora et al., 2021). The
value selected in the current study has been chosen under an optimistic
and successful development system with thinner membranes and lower
internal resistance expected to be available in the future.

In the case of the RTE, the selected value (65%) is closely achievable
with the current membranes (up to 63%), depending on the battery

Table 1
Technical data of batteries.

Design parameters Unit AB-FB (BAoBaB VRFB (Weber et al.,
project) 2018, paper and SI)
Specific energy Wh/ 3.25 19.4
kg
Cycle life Cycles 10000 10000
Lifetime (defined to the years 20 20
system dismantling)
Rated power or power MW 1 1
capacity
Design capacity or nominal MWh 9.7 8.3
capacity
Discharge time h 9.7 8.3
Effective energy capacity or MWh 6 6
net storage capacity
Reverse cell voltage A% 0.83 1.35
Number of triplet-cells - 8064 155
Number of stacks - 36 2
Membrane surface per cell m? 0.99 3.87
Power density W/m? 4175 833.54
Round Trip Efficiency (RTE) % 65 75
or Energy efficiency
Depth of Discharge (DoD) % 95 95
Min SoC % 5 5

Replacement power -
subsystem

every 10 years every 10 years

Journal of Cleaner Production 330 (2022) 129529

design and operation (Parnamae et al., 2020). Morales-Mora et al.
(2021) selected a RTE efficiency equal to 75%, which probably related
to a very optimistic scenario (Morales-Mora et al., 2021). A lower value
has been selected in this study in order to reflect the membrane selec-
tivity loss over the battery life due to the energy expenditure during the
electrolyte regeneration.

For the sake of this study, another important assumption has been to
consider a cycle life of 10,000 over a calendar life of 10 years, which is
not proven yet. The current BPM would be expected to lose functionality
much sooner, especially due to the constant and cyclic water swelling at
the interphase. However, an improvement of the BM cyclability has been
one of the key targets of the BAoBaB project, leading to an optimistic
opinion regarding this parameter.

2.1.1. AB-FB (innovative technology)

As it was introduced in previous section, the assessed system corre-
sponds to a mean power of 1 MW and effective energy capacity of 6
MWh. For a nominal power of 1 MW, 36 stacks, with 224 triplet-cells
each (8064 in total), are required. The stack is an assembly of a
certain number of triplet-cells, which are made of three membrane
types: AEM, BPM and CEM. A simplified representation of the stack
assembly is depicted in Fig. 2. Between the membranes, spacer-filled
gaskets are placed creating a place for the solutions. 16 times 14 trip-
lets are piled between divider plates and endplates. The endplates
contain carbon felt electrodes connected to the current collectors. The
stacks are contained between steel plates, tightened together by steel
rods.

To reach the effective energy capacity of 6 MWh, an electrolyte
volume of 1846 m® is required. This volume is divided over three equally
sized reservoirs (acid/base/salt, see Fig. 2), with a starting sodium
chloride concentration of 1.0 mol/l. An electrode rinse solution of 1.0
mol/1 FeCl, and FeCls is contained in an 8 m® LDPE tank, with its cor-
responding pump. Each of the acid/base/salt circuits requires two cen-
trifugal pumps. Pipes with a length of 100 m from the reservoirs to the
cells are required too.

The AB-FB system energy is stored in both, salinity, and pH gradi-
ents. These gradients are constituted by the separation of ions from acid,
base and salt (or water) solutions. In this way, this system counts with
four types of solutions: HCI (aq), NaOH (aq), H,O and NaCl (aq). The
separation of ions is done similarly to the well-known BPMED during
charging reactions, while energy is storage and BPMRED during dis-
charging reactions while power generation occurs (Culcasi et al., 2020;
Parnamae et al., 2020; van Egmond et al., 2018).

As it is summarised in Fig. 3, during charging process, fresh water is
pumped to the compartments adjacent to the BPM, and at the BPM
junction water separates into OH™ and H™ ions due to the supplied
electrical energy. From the salt solution, the CEM supplies the Na™
counterion for the OH™, and the AEM the Cl~ counterion for the H'.
Hence, OH™ and Na' ions are combined and stored as dissolved NaOH
(basic solution), while H" and Cl~ ions undergone the same process to be
stored as dissolved HCI (acidic solution). At the same time, reversible
reduction-oxidation reactions occur at the electrodes. Reduction of Fe
(I1I) takes place at the one electrode acting as a cathode (Fe3* (aq) + e -
> Fe?t (aq)), and oxidation of Fe(II) at the other acting as an anode
(Fe2+ (aq) - > Fe3t (aq) + e7), fed by the external circuit of the battery.

During the discharge process, the opposite reactions occur. Electrical
energy is recovered from neutralizing the acidic and basic solutions at
the bipolar junction inside the BPM, to finally recombine the H™ and
OH™ to water, and the Na' and Cl~ to a NaCl solution. Reversed to the
charging processes, at the one electrode Fe(Il) is oxidized (i.e., the
electrode now acts as anode), whereas at the other Fe(III) becomes
reduced (i.e., the electrode now acts as cathode). A deeper explanation
about the technology behind this battery can be found in the literature
(Culcasi et al., 2020; Parnamae et al., 2020; van Egmond et al., 2018).
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Fig. 2. Main stack and triplet components.

2.1.2. VRFB (benchmark technology)

The VRFB consists of two vanadium-based electrolytes named cath-
olyte (V3*/v?") and anolyte (V>*/V*"). These electrolytes are con-
tained in separated tanks and pumped to the same stack, where a Proton
Exchange Membrane (PEM) is located between them. In this way the
following reaction takes place:

VOF +2H" + V¥ = VO** + H,0 + V**

For a nominal power of 1 MW, 2 stacks with a total of 155 cells are
required. Each cell comprises a PEM, a bipolar plate and two carbon felt
electrodes at the sides. This assembly is tightened by a cell frame. The
stack is made of a certain number of cells sealed together by a stack
frame. Gaskets are used to improve the sealing. For reaching a nominal
capacity of 8.3 MWh the system requires an electrolyte volume of 202
m®. Final electrolyte concentration is 1.6 mol/I for vanadium and 2 mol/
1 for sulfate. Each type of electrolyte is contained in a tank that is con-
nected to the stack by two centrifugal pumps and pipes (30 m length).
Another 5 m of pipes are needed for connecting each stack. A deeper
explanation of this technology can be found in the literature (Weber
et al., 2018) (manuscript and supporting information files).

2.2. Environmental evaluation methodology

The LCA methodology’ framework is harmonized by the ISO 14040
standard, guaranteeing the substantial consistency and quality assur-
ance of the evaluation method, and therefore enabling further com-
parisons. According to the standards, the LCA studies must follow four
interrelated stages: (1) goal and scope definition, (2) inventory analysis,
(3) impact assessment and (4) interpretation.

2.2.1. Goal and scope definition

This section focuses on the establishment of the study scope, as well
as the system boundary and the Functional Unit (FU) definition. The
main objective of this analysis was to assess the environmental perfor-
mance associated with the innovative AB-FB system and its comparison

with the VRFB system. This approach was aimed to identify key aspects
related to the production phase for improving the technology under a
life cycle perspective from a cradle to grave approach.

System boundaries of the two study cases correspond to the analysis
of manufacturing, operation and end-of-life (EoL) stages can be seen in
Fig. 4. This means that the raw material mining, the components pro-
duction processes, the assembly of each energy storage system, the use
stage and the EoL stage, were considered in this analysis.

The FU is the reference to which the process inputs and outputs are
correlated. It is determined by the principal function of the target
products of the assessment. In this work, 1 MWh of provided or
delivered electricity was selected as FU to compare the AB-FB and
VRFB technologies in a time frame of 20 years. The FU has been
selected in agreement with the reported ones in literature. In addition,
this FU is also defined by the Product Category Rules (PCR) for Elec-
tricity, steam and hot/cold water generation and distribution(EDP In-
ternational AB, 2020).

2.2.2. Life cycle inventory (LCI)

The inventory analysis referred to a detailed data collection process
involving all inputs and outputs (e.g., energy, materials, emissions) that
can be identified within the system boundaries. This process also
implied data homogenization according to the selected FU. Detailed
inventory of the AB-FB and VRFB systems have been provided in the SI
file related to this work. In the following sections, a general description
of the main considerations regarding the LCI of the two systems is
included.

It is important to highlight that LCI referred to the AB-FB
manufacturing process was mostly based on foreground information
provided by the BAoBaB project partners. LCI was also complemented
with background information obtained from literature and particularly
from the VRFB inventory, as it is described in further sections.

Regarding the VRFB system, the LCI of this system was mainly
generated from raw data reported in literature (Weber et al., 2018).

LCI generated to both, the AB-FB and VRFB systems, was adapted to
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Fig. 3. Schema of reactions taking place in one single triplet-cell during the charging and discharging process of the AB-FB system. Adapted from (Culcasi et al.,

2020; Parnamae et al., 2020; van Egmond et al., 2018).

inputs and outputs from the Ecoinvent 3.4 to be further assessed ac-
cording to methodology described in section 2.2.3.

2.2.2.1. Manufacturing stage. The main battery components of the AB-
FB and the VRFB systems is presented in Table 2 and Table 3. This
table summarises raw and normalized datasets.

The normalized data corresponded to the amount of battery com-
ponents as per FU, i.e., 1 MWh of provided electricity. To this purpose, it
was primarily assumed that the service provided by the batteries came
from RS for Wind or PV installations as the future application, i.e.,
balancing demand from the grid and daily electricity generation. This
application required an average of 1.12 cycles per day, according to
technical parameters found in literature (Baumann et al., 2017).

Consequently, by considering a net storage capacity of 6 MWh (see
Table 1), a total amount of 49056 MWh can be provided over 20 years of
lifetime (see section 2.2.1), according to equation (2):

M
49056 MWh provided — 112 2% 20 years x 365925 x MW (g
day year cycle

It also indicated that there is a total of 8176 charge-discharge cycles.
The normalization of all the inputs and outputs related to the
manufacturing inventory of both systems (VRFB and AB-FB) was
consequently carried out by applying equation (3):

g _ raw data (g)
MWh provided) ~— 49056 MWh provided

normalised data ( 3)
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Fig. 4. System boundaries defined for the LCA.

Normalized data is expressed as g/MWh provided except for the
inverter required to both systems. In this case, it is also included the
amount of required inverter assembly process (p). The p unit is defined
by the Ecoinvent 3.4 database used to the LCA modelling.

Table 2
LCI of the AB-FB manufacturing.
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According to data included in Table 2, the AB-FB electrolyte weight
composition was estimated as 94.42% water, 5.52% NaCl, 0.03% FeCly
and 0.03% FeCls. For the VRFB system, electrolyte weight composition
was estimated as 21.2% of vanadium pentoxide, 14.5% of sulfuric acid,
0.4% of phosphoric acid and 63.9% of water, based on the LCI provided
to the VRFB system (Weber et al., 2018).

Detailed information about materials used to model the LCI based on
the available Ecoinvent database can be found in the SI file of this work.
Virgin materials have been used to model the battery manufacturing
component due to processes and possibilities of a recycling option have
not been completely established yet for such type of battery systems.

Inputs concerning transportation have been based on estimations
reported to the VRFB (Weber et al., 2018) (manuscript and supporting
information files) and also according to existing data from Ecoinvent
database. As an approximation, standard distances for chemical prod-
ucts, plastic, steel, and copper were used according to the Ecoinvent
guidelines. Particularly, the membranes and electrodes were assumed to
be produced on-site and thus, they did not require transport.

2.2.2.2. Operation stage. The LCI related to the operation stage
included: i) data to quantify impacts attributed to internal losses and ii)
inputs and outputs referred to maintenance activities and/or replace-
ment of battery components. The impacts associated with the electricity
provided (discharged) by the batteries to the end-user are not considered
in this analysis. To quantify related impacts, it was assumed that i) in-
ternal losses were dependent on specific charge—discharge efficiency of
the battery and ii) the replacement of battery power subsystem is carried
out after 10 years of operation, as it is indicated in Table 1. A summary
of inputs needed during battery operation is presented in Table 4 and

Battery components Raw data Normalized data (w/o catalyst)
Function Component Amount Unit Material Weight, kg g/MWh provided
Power subsystem Membranes 1742 35.5
CEM 7981 m? (s)PEEK 435 8.9
AEM 7981 m? (qa)PEEK 435 8.9
BPM
CE layer 7981 m? (s)PEEK 435 8.9
AE layer 7981 m? (qa)PEEK 435 8.9
Catalyst 7981 m? P4VP 2 0
Gaskets and plates 5331 108.7
Spacers 21831 m? LDPE 1949 39.7
Gaskets 2112 m? LDPE 943 19.2
Dividers 50 m? LDPE 851 17.3
Endplates 65 m? LDPE 1588 32.4
Electrodes 1472 30.0
Carbon felt 65 m? PAN Carbon felt 17 0.3
Current collector 65 m? Copper 1455 29.7
Stack frame 6607 134.7
Steel plates 78 m? Steel 6310 128.6
Rods, bolts 0.050 m? Steel 297 6.1
Total power subsystem 15153 308.8
Energy subsystem Electrolytes 1955346 39859.5
Water 1846 m® Demiwater 1846154 37633.6
NaCl 1846 kmol NaCl 108,000 2201.6
FeCl, 4 kmol FeCly 523 10.7
FeCls 4 kmol FeCls 69 13.6
Reservoirs 6145 125.3
Bags 2769 m® PVC 6114 124.6
Tank 8 m? LDPE 31 0.6
Total energy subsystem 1961491 39984.7
Periphery Pumps 7 units plastic, steel 1050 21.4
Pipes 150 m LDPE 682 13.9
Inverter 1 unit Various 3000 61.2 (2.04E-5 p)
Cables 50 m Copper, PVC 316 6.4
PCS 1 unit Various 13 0.3
Total peripheral components 5061 103.2

Total

1981705 40396.8




M.C. Diaz-Ramirez et al.

Table 3
LCI of the VRFB manufacturing. AAdapted from (Weber et al., 2018).
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Battery Components Raw data Normalized data
Function Component Amount Unit Material Weight, kg g/MWh provided
Power Subsystem Membrane 155 Items Nafion 150 3.06
Electrodes 48.70
PAN Carbon felt 310 Items Graphite 419 8.54
Current collector 4 Items Copper 1970 40.16
Bipolar plate 157 Items PPG86 composite 5490 111.91
Cell frame 155 Items PVC 306 6.24
Gaskets 310 Items FKM 428 8.72
Stack frame 2 Items Steel 1253 25.54
Total power subsystem 10016 204.17
Energy Subsystem Electrolyte 202 m? V405 and sulfate solution 272220 5549.17
Tank 300 m® Glass fibre 32589 664.32
Total energy subsystem 304809 6213.5
Periphery Pumps 4 Items Plastic coated steel 580 11.82
Pipes 70 m Steel, Teflon lining 332 6.77
Inverter 1 Item Various 3000 61.15 (2.04E-5p)
Cables 28 m Copper, PVC 177 3.61
PCS 1 Item Various 13 0.27
Heat exchanger 1 Item Stainless steel 1023 20.85
Total peripheral components 5125 104.47
Total 319950 6522
wind power installations by the VRFB system (Weber et al., 2018)
Egl’lef ?h AB.FB . T compared with PV installation.
of the AB-FB operation considerin . - .
P J The selected energy source was modelled as Electricity, high voltage
AB-FB operation Ecoinvent 3.4 Amount  Unit {DE}| electricity production, wind, >3 MW turbine, onshore | APOS, U,
Inputs Electricity lost ~ Electricity, high voltage 0.54 MWh based on Ecoinvent 3.4 datasets. According to Amelang and Wehrmann
{DE}| electricity (2020), turbines with a power capacity of over 3.3 MW are the dominant
production, wind, >3 MW one in Germany
turbine, onshore | APOS, .. .
U Other scenarios in terms of location and energy source were evalu-
Power 0.31 kg ated as part of the sensitivity analysis to quantify impacts attributed to
subsystem internal losses (see section 2.2.4).
replacement
Outputs RS-wind/PV 1.00 MWh 2.2.2.3. End-of-life (EoL) stage. Some battery components were
provided considered to model the EoL scenarios. The amount of each component
is indicated in Table 6. They were estimated according to the LCI
normalized values data depicted in Tables 2 and 3, in terms of the FU, i.
Table 5 e., 1 MWh of provided electricity (output). Due to the battery power

LCI of the VRFB operation considering RS (Adapted from (Weber et al., 2018)).

VRFB operation Ecoinvent 3.4 Amount  Unit

Inputs Electricity lost Electricity, high voltage 0.33 MWh
{DE}| electricity
production, wind, >3 MW
turbine, onshore | APOS,
U
Power 0.20 kg
subsystem
replacement
Outputs RS-wind/PV 1.00 MWh

provided

Table 5 for the AB-FB system and the VRFB system, respectively. Inputs
were also referred to the FU, i.e., 1 MWh of provided electricity (output).
As it is depicted in Table 4, 0.54 MWh are lost per MWh provided due
to internal inefficiencies of the AB-FB system by considering an effi-
ciency of 65%. For the VRFB system, which is charaterized with an ef-
ficiency of 75%, 0.33 MWh are lost per MWh provided (see Table 5).
Impacts related to the electricity losses are dependent on electricity
generation conditions, such as location and type of the energy sources.
For the AB-FB and VRFB comparison, Germany was the selected location
due to the VRFB system was assumed to be installed in this country
(Weber et al., 2018). In terms of energy sources, it was defined Wind
power generation because of the better performance obtained to RS for

subsystem replacement is carried out after 10 years of operation, 2
stacks were assumed to be required to attain the expected battery life-
time of both technologies.

The treatment of the battery components was based on a conserva-
tive scenario. The AB-FB system is still in an early stage of development
and only very limited EoL data could be clearly identified at this time.
For this reason, the EoL model of the AB-FB system has been carried out
by applying same approaches than the ones previously defined to the
VRFB system (Weber et al., 2018). Based on this study, valorisation
routes such as recycling or incineration were defined to the VRFB
components (stack, electrolyte tank, electrolyte and peripheral compo-
nents). Same scenarios were applied to the AB-FB system components:
stack (see Table 7), electrolyte tank (see Table 8), electrolyte (see
Table 9) and peripheral components (see Table 10). Consequently, both
technologies were assessed by the same scenarios.

The simplified approach applied to the EoL stage of the

Table 6
Amount of battery components applied to each EoL scenario.
Scenario AB-FB VRFB
g/MWh g/MWh
Stack recycling 618 408
Electrolyte tank recycling 125.3 664.3
Electrolyte recycling 39859.5 5549.2

Peripheral components 103.2 104.5
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Table 7
LCI for stack recycling. Adapted from (Weber et al., 2018).
Battery stack recycling Ecoinvent 3.4 Amount  Unit
Inputs Used battery Battery stack, 1 MW, to 1.00 kg
stack recycling
Electricity Electricity, medium voltage 0.01 kWh
(disassembly) {Europe without Switzerland} |
market group for | APOS, U
Fuel Diesel, burned in building 0.1 MJ
(disassembly) machine {GLO}| market for |
APOS, U
Outputs  Plastic to Waste polyvinylchloride 8.38E- kg
incineration {Europe without Switzerland} | 02
treatment of waste
polyvinylchloride, municipal
incineration | APOS, U
Carbon felt/ Waste plastic, mixture {Europe 0.56 kg
BPP without Switzerland} |
treatment of waste plastic,
mixture, municipal incineration
| APOS, U
Steel, to Iron scrap, unsorted, to 0.13 kg
recycler recycling
Copper, to Copper scrap, sorted, pressed 0.20 kg
recycler {RER}| treatment of copper
scrap by electrolytic refining |
APOS, U_ (modified without
recuperation)
Waste, to Municipal solid waste {RoW}| 3.39E- kg
incineration treatment of, incineration | 02
APOS, U
Table 8
LCI for electrolyte tank recycling. Adapted from (Weber et al., 2018).
Battery electrolyte tank Ecoinvent 3.4 Amount  Unit
recycling
Inputs Used electrolyte  Electrolyte tanks, to recycling 1.00 kg
tanks
Electricity Electricity, medium voltage 0.01 kWh
(disassembly) {Europe without Switzerland} |
market group for | APOS, U
Transport, road Transport, freight, lorry 16-32 0.05 t x
metric ton, EURO5 {GLO}| km
market for | APOS, U
Outputs  Plastic to Waste plastic, mixture {Europe 1 kg
incineration without Switzerland} |
treatment of waste plastic,
mixture, municipal
incineration | APOS, U
Table 9
LCI for electrolyte recycling. Adapted from (Weber et al., 2018).
Battery electrolyte recycling Ecoinvent 3.4 Amount  Unit
Inputs Used electrolyte Used electrolyte, to 1.00 kg
recycling
Electricity Electricity, medium voltage 4.45E- kwWh
(reprocessing and {Europe without 02
purification) Switzerland} | market group
for | APOS, U
Transport, road Transport, freight, lorry 0.6 t x
16-32 metric ton, EURO5 km
{GLO}| market for | APOS,
U
Outputs  Electrolyte, No apply 0.95 kg
recycled
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Table 10
LCI for the peripheral components (pumps, pipes, cables and electronics) recy-
cling. Adapted from (Weber et al., 2018).

Battery peripheral Ecoinvent 3.4 Amount  Unit
components
Inputs Used periphery Periphery, to recycling 1.00 kg
Electricity Electricity, medium voltage 0.01 kwWh
(disassembly) {Europe without Switzerland} |
market group for | APOS, U
Fuel Diesel, burned in building 0.10 MJ
(disassembly) machine {GLO}| market for |
APOS, U
Outputs  Steel, to Iron scrap, unsorted, to 0.15 kg
recycler recycling
Copper, to Copper scrap, sorted, pressed 0.011 kg
recycler {RER}| treatment of copper
scrap by electrolytic refining |
APOS, U
Cables Used cable {GLO}| treatment of 0.033 kg
| APOS, U
Electronic waste ~ Waste electric and electronic 0.59 kg
equipment {GLO}| treatment
of, shredding | APOS, U
Waste, to Waste plastic, mixture {Europe 0.22 kg
incineration without Switzerland} |
treatment of waste plastic,
mixture, municipal incineration
| APOS, U
aforementioned battery components implied the following

considerations:

Recycling processes defined to steel and copper included the amount
of material recovered from the process as well as the consumption of
energy and materials during the waste processing.

e A recycling efficiency for copper was estimated to be 100%.
Accordingly, copper recovered from used cables corresponded to
0.033 kg copper/kg peripheral components (see Table 10).

For steel recycling, an electricity consumption around 1.8 GJ/t was
defined to be required for remelting and refining steel scrap (Nor-
gate, 2013). Recycling efficiency for steel was estimated to be 100%.
The energy input required for battery disassembly was approximated
to the one defined by the Ecoinvent process iron scrap sorting and
pressing (Weber et al., 2018).

e It was assumed to both battery systems that electrolyte required
some re-processing and purification at the end of expected battery
lifetime (i.e., 20 years of operation), which demanded electricity
consumption, according to estimations based on literature (Weber
et al., 2018).

Materials recovered by recycling of battery components, for instance,
copper or steel (defined as outputs in Tables 7 and 10), were not
defined as input to the battery manufacturing stage, i.e., a closed-
loop recycling was not applied in this investigation. It was consid-
ered because of possibilities to apply a closed-loop recycling
approach are not completely defined to this type of batteries at
present.

2.2.3. Impact assessment

The environmental analysis of the AB-FB and the VRFB technologies
was developed by using SimaPro software version Analyst 9.1.0.8, and
in-house databases complemented by Ecoinvent 3.4. In this study, the
ReCiPe 2016 v1.1 midpoint environmental method was applied, and
hierarchical evaluation was conducted. The ReCiPe midpoint method is
the one of the most recent and comprehensive methods currently
available in life cycle impact assessment (Opatokun et al., 2017) and
expresses the relative severity on an environmental impact category.
This approach covers all possible environmental interventions, which
defines the environmental mechanism throughout the quantification of
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the impacts at intermittent stages of the cause—effect chain (Bare and
Gloria, 2006).

ReCiPe involves eighteen midpoint impact categories. Among them,
some indicators typically exhibit high relative impacts, according to the
LCA conducted to battery technologies (Diaz-Ramirez et al., 2020a;
Mcmanus, 2012; Troy et al., 2016). These indicators are presented in
Table 11. They have been selected to be analysed in detail in this work
because of their relevance to the aim of this study.

2.2.4. Interpretation

This stage of the LCA methodology refers to the understanding of the
inventory phase results and the consequential impacts as well as the
eventual draw of conclusions and recommendations for design
improvement.

In this work, as part of the interpretation stage, a sensitivity analysis
was carried out to assess the effect of electricity losses during the AB-FB
operation stage (see inputs in Table 4). It was useful to elucidate po-
tential routes to attain a more sustainable application of the innovative
battery system.

In total, six potential applicability scenarios of the new technology
were assessed by considering: i) three different energy sources for
electricity generation and ii) two locations to assess the impacts due to
origin of electricity generation.

Energy sources considered were:

i) wind power,
ii) photovoltaic energy, and
iii) electricity mix.

Regarding the origin of electricity production, one location was
Germany (DE), representing Western Europe, due to the benchmark
technology (VRFB) was assumed to be installed there (Weber et al.,
2018). Another location was Italy (IT), representing Southern Europe,
because this site corresponded to the place selected within the BAoBaB
project for the installation of the new technology pilot scale device.

Considering Ecoinvent 3.4 datasets, electricity lost based on PV in-
stallations was modelled as “Electricity, low voltage {IT or DE}| electricity
production, photovoltaic, 570 kWp open ground installation, multi-Si |
APOS, U”.

The wind power characteristics were dependent on the location. In
Germany, it is dominated by onshore turbines with a power capacity >3
MW, see section 2.2.2.2. It was modelled as “Electricity, high voltage
{DE}| electricity production, wind, > 3 MW turbine, onshore | APOS, U”.

Installed wind power capacity in Italy is predominantly onshore with
an average power capacity of 1.4 MW (IEA Wind, 2017). Then, for the
Italian case, electricity lost was modelled as “Electricity, high voltage
{IT}| electricity production, wind, 1-3 MW turbine, onshore | APOS, U”.

Finally, the electricity mix was modelled as “Electricity, high voltage
{IT or DE}| market for | APOS, U”.

Table 11
Environmental impact indicators selected for this study with acronyms and
respective units.

Environmental indicator (EI) Acronym Unit
Global Warming GWP kg COz eq
Terrestrial acidification TAP kg SOz eq
Terrestrial ecotoxicity TETP kg 1,4-DCB
Freshwater ecotoxicity FETP kg 1,4-DCB
Marine ecotoxicity METP kg 1,4-DCB
Human carcinogenic toxicity HTPc kg 1,4-DCB
Human non-carcinogenic toxicity HTPnc kg 1,4-DCB
Mineral resource scarcity SOpP kg Cu eq
Fossil resource scarcity FFP kg oil eq
Water consumption WCP m?
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2.3. Economic evaluation methodology

Total Capital Cost (TCC), also known as CAPEX (Capital Expendi-
ture), and Life Cycle Costing (LCC) were the approaches considered for
evaluating the costs of both ESS: AB-FB and VRFB. The selection of these
methodologies was based on previous studies reported in literature
(Zakeri and Syri, 2015).

Economic inputs related to the innovative AB-FB system was pro-
vided by the BAoBaB project partners according to the development
path envisioned for 2025, as mentioned in section 2.2.2. Most of the
costs regarding the VRFB system have been extracted from literature
(Noack et al., 2016). In the case of components shared by both ESS, the
same costs were applied. More detailed data regarding all the costs
considered in this study were provided in the SI file related to this work.

2.3.1. TCC

TCC is the capital expenditure that must be initially done for
acquiring an ESS. It evaluates the cost of each component that comprised
the ESS. Particularly, it was considered the evaluation of costs related to
both the Power Conversion System (PCS) and energy storage for the two
studied batteries.

PCS costs are the costs of the stack or power subsystem components
(including labour cost for the stack assembly) together with the pe-
riphery system and the labour related costs for the battery assembly. It is
important to remark that the labour cost for the stack assembly was
generated to both technologies by performing an iterative process and
fixed to a monetary contribution of 5% the final stack cost, following
criteria found in literature (Noack et al., 2016). In the same way, the
labour related costs (also named as system assembly cost) were gener-
ated. In this case, they were assumed to represent a monetary contri-
bution of 7% the final TCC value. Assumptions related to the labour cost
for the stack and the battery assembly were made according to literature
(Noack et al., 2016), and applied to both battery systems due to the lack
of information from the battery manufacturer, and as a strategy to
obtain a comparable result. The related cost to stack and system as-
sembly can be found in the SI of this work.

The energy storage related costs refer to the cost of the reservoirs or
tanks and electrolyte (energy subsystem components). Besides, Balance
of Plant (BOP) costs are also included in the TCC. BOP costs are related
to project engineering and facilities adaptation (including grid related
actions) (Zakeri and Syri, 2015). In this vein, the TCC can be summa-
rized by the following simplified formula (Noack et al., 2016; Zakeri and
Syri, 2015):

TCC = Cpcs + Cenergy storage X I+ Cpop @

Calculation of Cpcs corresponds to the sum of the power subsystem
components’ costs, as it has been mentioned previously. In the case of
the Cenergy storage> the sum of the components’ costs must be multiplied by
the discharge time of the battery (named here as h), which is included in
Table 1 for both technologies. Data used for the calculations can be
found in the SI of this work. Finally, it has been also quantified the total
investment cost. It was generated as the sum of costs related to PCS and
energy storage related costs.

2.3.2. LCC

The LCC is a complementary analysis to be carried out after the TCC
evaluation. In this manner, the LCC analysis covered all the costs
incurred by the extended waste management system (Barringer and
Barringer, 2003). This approach is required in Europe for SPP (Sus-
tainable Public Procurement), as specified in 2014/24/EU Art. 68.

This type of analysis comprised two steps: firstly, the total costs over
the lifetime of the plant were calculated; secondly, these values were
annualized. Concerning the first step, the LCC explores the costs over the
total lifetime of the ESS in terms of initial investment (TCC), Operation
& Maintenance (O&M), Replacement (R), Disposal and Recycling (DR)
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Table 12

Formulae used in the LCC study. (i) Interest rate of the ESS. (T) Lifetime of the
plant. (n) Number of cycles per year. (h) Discharge time. (t) Replacement time.
(nsys) system efficiency.

Parameter Acronym  Unit Formula N°
Capital Recovery CRF - i(1+10)7 5)
Factor CRF = 1+ -1
Annualized TCC Ceap,a €/kW- Ceqp,a = TCC x CRF 6)
year
Annualized 0&M CoaM,a €/kW- Cosm, a = Crom, a + Cvom % )
costs year nxh
Annualized future Croa €/kW- Cr o = CRFx [(€))
cost of year
)t t r
replacemen S 0 C}; x h
k=1
Annualized disposal Cbra €/kW- ¥ 9
. : Cpr,a =CprR X ————
and recycling cost year 1417 -1
Annualized external ~ Cgga €/kW- i (10)
. i Cppa = CpE X ————
environmental year 1+1) -1
cost
External Cgg €/kW Cge; = EI; x ECF; an
environmental
cost
Annualized LCC Cicca €/kW- Crcc,a = Ceapa + Cosma + (12)
costs year Cra+ Cpra+ Cepa
Levelised Cost of LCOE €/kWh Cicc.a 13)
. LCOE =
Electricity nxh
Net Levelised Cost LCOS €/kWh LCOS — LCOE— a4
of Storage
price of charging power

Nsys

and External Environmental (EE) (Zakeri and Syri, 2015). With respect
to the second step, the formulae used for annualising the total costs over
the lifetime are collected in Table 12.

The main considerations related to each annualized cost are
explained below:

e Capital Recovery Factor: for calculating the CRF, the annual interest
rate (also known as discount rate) was taken from the literature as
7.7% (Poonpun and Jewell, 2008). The lifetimes of the plants were
established as 20 years (Table 1).

Annualized TCC (Ccap,a): corresponded to the annualized investment
cost.

Annualized O&M costs (Cogm,a): this cost was divided into variable
and fixed O&M costs. Variable O&M cost were calculated knowing
the average value of variable O&M costs from reference (Zakeri and
Syri, 2015): 0.9 €/MWh. In the section related to the manufacturing
stage of the ESS (2.2.2.2) was stated that the ESS performs 1.12 cy-
cles per day, a total of 8176 charge-discharge cycles over the system
lifetime of 20 years, which means the performance of 408 cycles per
year. These data were needed for calculating Cogm,a-

The annualized variable O&M costs were based on the theoretical
value 0.9 €/MWh (Zakeri and Syri, 2015) and the yearly operating hours
(Table 12).

e Annualized future cost of replacement costs (Cg,): this cost was
calculated considering the replacement of the stack components as
well as the stack assembly cost after 10 years of operation (i.e.,
replacement time). Stack composition can be seen in the LCI tables
(VRFB: Table 3 and AB-FB: Table 2). System efficiency and discharge
time can be found in Table 1.

e Annualized disposal and recycling costs (Cpr,a): this cost was pri-
marily comprised by the Cpr. The Cpg was calculated according to
the cost of the recycling processes considered in reference (Weber
et al., 2018) for the stack, the tank, the electrolyte and the periphery
system. Additional information was obtained from Table 7 to
Table 10). Just the costs of electricity and fuel were contemplated for
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the different processes. In the case of the recycling process for the
electrolyte there was a difference between the AB-FB and the VRFB
systems. In the case of the VRFB system, the process of electrolyte
re-balancing was applied and resulted to 0.04 kWh/kg of electrolyte
(Weber et al., 2018), therefore the electricity cost was higher for this
system. For the AB-FB system, 0.01 kWh/kg of electrolyte was
assumed, as this value was the one considered for the rest of the
components (stack, tank and peripheric system). For monetizing the
electricity, the price of charging power was 0.3 €/kWh (Noack et al.,
2016). Fuel cost was computed considering a calorific power equal to
37.5 MJ/], density equal to 0.85 kg/1 and price of heating gas oil
equal to 0.56 €/1 (European Commission, 2020b). Additional data is
provided in SI file related to this work.
e Annualized external environmental costs (Cgga): this cost was
calculated following the formulae included in Table 12 being
dependent on the external environmental cost.
External environmental cost (Cgg): Cgg refers to the costs linked to
the environmental impacts (EIs) obtained from the LCA. As described
in section 2.2.2.2, the selected service was the RS for wind power
installations located in Germany.

Among all the indicators considered to the LCA (see Table 11),
toxicity and ecotoxicity categories were excluded from this study. For
ecotoxicity and toxicity factors, the final values involve a great uncer-
tainty. Particularly, criteria to exclude Terrestrial ecotoxicity, Fresh-
water ecotoxicity and Marine ecotoxicity were based on literature
(Danny Wille, OVAM, Stationsstraat 110, 2018). Reasons to omit eval-
uation of Human carcinogenic toxicity and Human non-carcinogenic
toxicity as part of the external environmental costs are mostly based
on their dependence on the ecosystem type (De Bruyn et al., 2018).
Therefore, just the following Els were considered: Global Warming,
Terrestrial Acidification, Mineral Resource Scarcity, Fossil
Resource Scarcity and Water Consumption.

These impacts were converted to economic values using External
Cost Factors (ECFs) referred to 2015 prices provided by literature and
related to 2015 prices ( De Bruyn et al., 2018; De Nocker and Debacker,
2018; Diaz-Ramirez et al., 2020a). For the present analysis, those values
were updated to 2020 prices by applying an annual inflation rate of 3%.

The updated ECFs to 2020 prices are shown in Table 13. Additional
data was included in the SI file related to this work.

The Cgg of each EI (Cgg, g1) was then calculated as the product be-
tween EI result (EI unit/kWh of provided electricity) and ECF (€/EI
unit). Finally, the total Cgg corresponds to the sum of the single Cgg, gr.

¢ Annualized LCC costs, (Cicc,a): this cost was calculated following the
formulae included in Table 12 and corresponded to the sum of the
previously described annualized costs.

o Levelized Cost of Electricity (LCOE): is a measure of the average net
present cost of electricity generation for a generating plant over its
lifetime. It was calculated following the formulae included in
Table 12.

e Net Levelized Cost of Storage (LCOS): expresses the full capacity cost
for the investor discounted over the number of discharging hours
(NDH). This cost was calculated following the formulae included in
Table 12.

Table 13

ECF to monetarism the EI (Adapted from Diaz-Ramirez et al., 2020a).
Environmental Indicator Unit (€/Unit EI)
Global Warming GWP kg CO, eq 0.063
Terrestrial acidification TAP kg SO5 eq 27.208
Mineral resource scarcity SOP kg Cu eq 0.000
Fossil resource scarcity FFP kg oil eq 0.007
Water consumption WCP m? 0.073
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As it can be noticed, the final result of the LCC is composed of the
Levelised Cost of Electricity (LCOE) and the net Levelised Cost of Storage
(LCOS), according to formulae in Table 12. However, most of the studies
reported in literature have generally indicated ESS costs based on the
TCC (Chen et al.,; Ferreira et al., 2013; Ibrahim et al., 2008) because of
the lack of data regarding the long-term utilization of the ESS.

3. Results and discussion
3.1. Environmental implications

3.1.1. General overview of AB-FB and VRFB manufacturing

According to the LCI normalized data (see Table 2 and 3), the weight
percentage distribution among the three subsystems is similar between
the AB-FB and the VRFB technologies (see Fig. 5), with the energy
subsystem being by far the dominating one in terms of mass share. In this
subsystem, the electrolyte is the major component and, far behind, the
storage equipment. This tendency is typically the one expected to such
type of batteries, as it has been reported in literature (Fernandez--
Marchante et al., 2020; Gouveia et al., 2020a; Morales-Mora et al.,
2021). Particularly, the AB-FB the electrolyte, which is mostly consti-
tuted by water, represents 98.7% of the total system composition (see
Fig. 5), whereas the remaining components together account only for
almost 1.5% of the battery composition. This is all due to the relatively
low energy density of the AB-FB system. By considering the LCI
normalized data of the two technologies, the total weight of the AB-FB
system is 40.40 kg/MWh provided compared to 6.52 kg/MWh
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provided for the VRFB system.

Despite similarities identified in terms of the battery composition,
significant differences were elucidated regarding the environmental
burden of both systems. Fig. 6 depicted the main results obtained to the
battery subsystems for both technologies (AB-FB and VRFB) represented
as percentage normalized to the maximum value in each indicator.

Concerning the AB-FB system, the power components exhibited the
more relevant contribution in almost all the assessed impact categories
included in Fig. 6, followed by the peripheral components. One excep-
tion was the WCP indicator. In this case, the dominant contributor to the
environmental impact was the energy subsystem. It can be explained by
the battery composition. As it was mentioned, the electrolyte is mostly
constituted by water, representing almost 99% of the total battery
weight, and therefore it is mainly responsible of the impact attained in
this category. Nevertheless, as depicted in Fig. 6, the AB-FB water-based
electrolyte environmental related impacts did not contribute signifi-
cantly to most of the analysed categories, which is an important
advantage of the innovative system compared to the VRFB system. This
result indicated that the electrolyte has a significant influence on the
global environmental performance of the manufacturing stage of this
type of batteries, in agreement with literature (Gouveia et al., 2020b).

Results for the three VRFB subsystems exhibited a similar trend to
the one defined by the weight distribution. According to Fig. 6, the
battery components associated with the energy subsystem (i.e., elec-
trolyte and storage equipment) were responsible for the total impact
attained to all the assessed indicators. This fact is explained by the
contribution of inputs and outputs involved to produce the vanadium-

Stack frame; 0.33%

Reservoirs; 0.31%

Gaskets and plates; 0.27%

Periphery; 0.26%
2 Membranes; 0.09%
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Fig. 5. Weight percentage distribution of battery components.
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based electrolyte. Upstream processes related to the electrolyte pro-
duction not only comprise raw material extraction (mining) but also it is
required transoceanic transport of the electrolyte from South Africa to
Europe, which results into a significant environmental burden. All of the
other VRFB system components exhibited only minor contributions to
the environmental impact quantified to all the assessed indicators. This
tendency has been also reported to other VRFB system configurations
(Gouveia et al., 2020a).

These results have remarked the relevance that the electrolytes have
in terms of the environmental performance of the manufacturing stage
of this type of batteries and also highlight needs to develop VRFB sys-
tems with better electrolyte performance.

3.1.2. Assessment of the AB-FB subsystem and components

A deeper analysis of the environmental impact related to the three
AB-FB subsystems was carried out to identify the most relevant drivers
related to each indicator. Firstly, a general picture was obtained by the
comparison of results attained to all the components, as depicted in
Table 14.

According to these results, the electrodes generally composed the

Table 14
Absolute values attained for the EI in terms of the AB-FB components.

main contribution to the overall impact in six of the selected indicators.
Membranes were the component mostly affecting GWP. The stack frame
attained the more significant environmental burden in the HTPc indi-
cator. Gaskets were generally responsible for impacts in the FFP indi-
cator. Finally, electrolyte was the key component concerning the WCP
impact category.

Secondly, the LCA Normalized percentage results were represented
separately per components corresponding to each battery subsystem, as
it is shown in Fig. 7. In terms of the power subsystem, it is evident the
relevant influence of electrodes in most of the assessed indicators (see
Fig. 7-a). Regarding the energy subsystem (see Fig. 7-b), the electrolyte
was the main contributor in all the indicators, as it was expected due to
reasons indicated previously by the battery composition. For the pe-
ripheral components (see Fig. 7-c), the inverter can be denoted as the
main responsible for the environmental burden attributed to this sub-
system in all the assessed indicators.

Per each subsystem, a network analysis with a node cut-off of 5%, (i.
e., evaluation of flows with contribution higher than 5% of the total
impact in the assessed indicator) was done to elucidate contribution to
the assessed impact indicators in terms of materials that constituted the

EI Unit Total Power subsystem Energy subsystem Peripheral components
Impact Membranes  Gaskets and Electrodes  Stack Electrolyte  Reservoirs  Pump Pipes Inverter  Cables PCS
plates frame
GWP kg CO, 7.52 4.29 0.41 0.29 0.57 0.73 0.41 0.09 0.04 0.63 0.06 3.8E-
eq 03
TAP kg SO, 0.03 2.2E-03 1.3E-03 0.01 2E-03 3.4E-03 1.0E-03 9.8E- 1.2E- 6.5E-03  2.1E- 1.9E-
eq 04 04 03 05
TETP kg 1,4- 125 1.64 0.25 63.93 2.37 5.42 0.40 5.29 0.02 32.67 12.95 0.05
DCB
FETP kg 1,4- 0.97 0.01 3.8E-03 0.46 0.05 0.05 4.3E-03 0.04 2.4E- 0.26 0.09 1.3E-
DCB 04 03
METP kg 1,4- 1.4 0.02 5.3E-03 0.67 0.07 0.07 6.0E-03 0.05 3.4E- 0.37 0.14 1.9E-
DCB 04 03
HTPc kg 1,4- 0.70 0.02 0.01 0.11 0.24 0.05 0.03 0.04 1.2E- 0.17 0.02 7.5E-
DCB 03 04
HTPnc kg 1,4- 34.3 0.47 0.09 16.96 1.41 1.57 0.11 1.23 6.1E- 8.99 3.44 0.05
DCB 03
SOP kgCueq 0.1 1.6E-03 2.3E-04 0.04 0.02 6.0E-03 2.5E-04 7.2E- 2.1E- 0.02 7.4E- 1.0E-
03 05 03 04
FFP kg oil eq 1.15 0.16 0.22 0.08 0.12 0.17 0.17 0.02 0.02 0.17 0.02 9.3E-
04
WCP m® 0.11 9.0E-03 3.5E-03 4.6E-03 3.7E-03 4.8E-02 3.2E-02 7.6E- 4.0E- 7.3E-03  1.0E- 3.1E-
04 04 03 05

13
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Fig. 7. Breakdown of environmental impacts from AB-FB battery power sub-
system components. LCA results are presented as Normalized percent-
age values.

different battery components. Results were assessed per each indicator
as follows:

e Global warming potential, GWP (kg CO2 eq.):

Impacts related to the GWP were dominated by the power subsystem,
as depicted in Fig. 6 and Table 14. Based on a detailed comparison of the
related components in this subsystem (see Fig. 7-a), membrane
manufacturing was responsible for almost 80% of the total impact
attained in this indicator. Key materials concerning impacts attributed
to membranes were sodium nitrate and aniline. Stack frame represented
10% of the overall power subsystem environmental impact, mostly
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related to the steel consumption for the stack frame manufacturing.
Gaskets and electrodes had approximately a similar contribution.

e Terrestrial acidification potential, TAP (kg SO2 eq.):

Again, power subsystem depicted the more significant effect in this
indicator (see Fig. 6 and Table 14) followed by the energy subsystem.
Among the power subsystem components (see Fig. 7-a), the current
collector in electrodes was the main responsible for the total acidifica-
tion impact. This effect was related to copper production because the ore
mainly consists of copper sulphide (CuFeS;). Copper production is
associated with emissions of sulphur dioxide (SO5) to the air, responsible
for the overall TAP impacts.

e Toxicity and ecotoxicity categories, (kg 1,4-DCB):

Based on results in Table 13, around 55% of the environmental
burden was due to the power subsystem components and around 40%
was mostly attributed to the peripheral components. With respect to the
power subsystem, impacts were dominated by the electrodes (see Fig. 7-
a).

A network analysis with a node cut-off of 5% indicated that copper
production required to current collector in electrodes was responsible
for the global impact of the majority ecotoxicity categories. The
remaining impact was also related to copper consumption, mostly
needed for the inverter and with a minor fraction required for cables
manufacturing. Generally, impacts were related to the production stage
from the ores.

For the HTPc indicator, it was determined by a network analysis with
a node cut-off of 5% that the low-allow steel production consumed for
the stack frame was the main responsible for the impact attained in the
HTPc indicator together with a minor contribution of the current col-
lector required for the electrodes. Similar tendency was obtained due to
consumption of this material for the inverter and cables. The extraction
of copper needed to the current collector manufacturing was the most
important driver for the HTPnc indicator. The remaining impacts were
mostly affected by copper required to the inverter and cables.

e Mineral resource scarcity, SOP (kg Cu-eq):

In this case, a similar tendency was observed to the one assessed for
the ecotoxicity indicators (see Fig. 6 and Table 14). Impacts were mostly
related to the copper production required by the current collector in
electrodes. The second important power component contributor to the
total battery impact in the SOP indicator was the stack frame (see Fig. 7-
a) because of the consumption of low-allow steel needed for its
manufacturing. This material was also responsible of impacts associated
to the peripheral components. Again, impacts in this subsystem were
mostly attributed to the inverter (see Fig. 7-c) due to copper and steel
needed to its production.

e Fossil resource scarcity, FFP (kg oil eq):

In this indicator, the more relevant contribution to the environ-
mental impact is due to the power subsystem and, specifically, to the
gaskets manufacturing (see Fig. 7-a). A network analysis with a node
cut-off of 5% indicated that polyethylene required to produce LDPE for
the gaskets is the key material in the obtained environmental burden.
The electrolyte and reservoirs in the energy subsystem and the inverter
in the peripheral components had similar contribution. Sodium chloride
consumption was responsible for the impact attributable to the elec-
trolyte whereas polyvinylchloride emulsion was the key material
referred to reservoirs. In terms of the peripheral components, lubricant
oil used to the inverter production was identified as the primary
responsible for the attained impact.



M.C. Diaz-Ramirez et al.
e Water consumption, WCP (m3).

The energy subsystem was the more significant contributor of the
overall environmental impact in this indicator, i.e., around 70% of the
total impact in this indicator (see Table 14). According to Fig. 7-b, the
electrolyte production represented 60% of the total impact attributed to
the energy subsystem. By the network analysis, this impact is due to
consumption of demineralised water. Consumption of polyvinylchloride
emulsion to the reservoirs manufacturing was responsible for the
remaining impact attributable to the energy subsystem. In terms of
power subsystem, results were mostly attributable to the production of
sodium nitrite required to the membranes.

3.1.3. Cradle to grave comparison

The LCA results of the VRFB and the AB-FB systems from the cradle-
to-grave comparison (whole life cycle from manufacturing to EoL) of the
two systems were included in Table 15. This comparison is based on the
scenario of renewables support (RS) for Wind power generated in Ger-
many and represent impacts attributed to 1 MW of provided or delivered
electricity, i.e., the FU. Environmental impact results attained for each
battery life cycle stage are also shown in Fig. 8.

As visualised in Table 15, generally, the AB-FB system attained the
lowest impact in almost all the assessed indicators. Compared to other
flow battery technologies based on recent studies, (BEDFB, bipolar
electrodialysis flow battery (Morales-Mora et al., 2021) and redox flow
batteries based on Vanadium (VRFBs) and Zinc/Cerium (Fernandez--
Marchante et al., 2020)), the innovative AB-FB system is also favourable.
Particularly, in terms of manufacturing stage, it has been reported 9.1 kg
CO2/MWh provided (Morales-Mora et al.,, 2021) against 7.52 kg
CO2/MWh provided, which was quantified to the innovative AB-FB
system.

As can be seen in Table 15, TETP, FETP, METP, HTPc, and HTPnc, EIs
related to toxicity and ecotoxicity categories showed the most signifi-
cant differences between the AB-FB and VRFB technologies, being the
sum of all of them 1141 kg 1,4-DCB and 7.2E+16 kg 1,4-DCB, respec-
tively. The main input for the ecotoxicity impacts came from the
manufacturing stage (see Table 15) and more specifically from the en-
ergy subsystem, mostly due to the electrolyte manufacturing (see Fig. 6)
and its transoceanic transport (Gouveia et al., 2020a).

Furthermore, as it can be identified by Fig. 8, comparison of the three
life cycle stages of both systems elucidated that the manufacturing stage
of VRFB represented more than 40% of the total impact in all the in-
dicators and therefore, it was the less favourable one among the VRFB
life cycle stages. For the AB-FB case, O&M was the stage with the main
contribution to the total environmental impact generated during the
entire life cycle of the AB-FB system. It represented more than 70% of
the impact quantified in all the indicators (see Fig. 8).

Regarding the VRFB manufacturing stage impacts, it is important to
indicate that the replacement of the Nafion membrane material in VRFB
has been investigated (Weber et al., 2018). It was reported to be
substituted by the sulfonated polyether ether ketone (sPEEK)
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Fig. 8. LCA Normalized percentage results comparison of AB-FB and VRFB
based on Nafion membranes.

membranes, which is one of the most promising alternatives to the
common Nafion membrane material. Based on the comparative assess-
ment of the two materials, it was concluded that the use of sPEEK instead
of Nafion as membrane material decreased the environmental impacts in
all the assessed categories. Generally, a high reduction potential (more
than 20%) was attained to these categories. Tetrafluoroethylene and
hexafluoroethane required for the Nafion synthesis process seems to be
the main contributors to the environmental impacts related to the
Nafion membrane production (Weber et al., 2018).

However, benefits of using SPEEK membrane did not substantially
improve the total life cycle impact of the VRFB system compared with

Table 15
Life cycle impacts for both batteries from a cradle to grave perspective.
AB-FB VRFB

Environmental indicator (EI) Unit Total Manufacturing O&M EoL Total Manufacturing O&M EoL
GWP kg COz eq 36.60 7.52 23.48 5.59 46.86 30.54 13.16 3.16
TAP kg SOz eq 0.19 0.03 0.15 0.01 0.57 0.47 0.10 0.00
TETP kg 1,4-DCB 831.14 125.00 636.58 69.55 7.22E+16 7.22E+16 437.08 27.11
FETP kg 1,4-DCB 32.29 0.97 31.04 0.28 3.27E+11 3.27E+11 19.37 0.26
METP kg 1,4-DCB 40.12 1.40 38.30 0.42 3.03E+13 3.03E+13 23.97 0.37
HTPc kg 1,4-DCB 5.83 0.70 5.00 0.14 41.24 38.08 3.07 0.09
HTPnc kg 1,4-DCB 231.14 34.33 187.79 9.02 1.85E+12 1.85E+12 127.45 7.54
SOP kg Cu eq 1.14 0.10 0.66 0.02 1.29 0.39 0.43 0.01
FFP kg oil eq 0.78 1.15 4.67 1.46 0.83 9.24 291 0.26
WCP m® 7.28 0.11 0.23 —0.02 12.42 0.39 0.16 0.01

15
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the AB-FB system results. The LCA modelling of the VRFB system based
on the two membranes implied only less than 3% reduction of the total
battery impact in each indicator. This result is explained due to the
power susbystem depicted a lower contribution than the energy sub-
system to the total battery manufacturing impacts. As depicted in Fig. 6,
the VRFB energy subsystem was the key one in terms of the battery
manufacturing impacts.

Concerning the AB-FB system, a more detailed analysis of the O&M
impact distribution is done in Fig. 9. Results suggested that main
contribution is attributed to the battery service as RS, particularly,
because of the electricity lost during the operation stage. To gain more
insight the significant influence of the electricity lost, it was carried out a
sensitivity analysis of conditions affecting this impact in section 3.1.4.

3.1.4. Assessment of AB-FB operation renewables support (RS) for wind or
PV installations

As mentioned in section 2.2.4, as part of the sensitivity analysis some
scenarios were compared to evaluate impacts related to operation of the
AB-FB system of the case study based on Wind power generation. The
effect of electricity losses was assessed by considering three different
energy sources (i.e., wind power, photovoltaic energy and electricity
mix) as well as two locations of energy production (i.e., Germany rep-
resenting Western Europe and Italy representing Southern Europe). In
Fig. 10, results attained for the selected environmental indicators were
referred to the FU defined as 1 MW of provided or delivered electricity.

It can be noticed that for both locations, electricity based on the grid
yielded the most significant impact in almost all the categories, as it has
been also reported to another flow battery system (Morales-Mora et al.,
2021). Generally, similar trends were observed for the renewables in
both locations. Based on a network analysis of the results, differences
regarding wind power and solar energy results referred to the same
location were mostly related to materials required for the construction
of each installation type.

The best performance was identified to the RS for wind installations
in nearly all the indicators, which highlighted the beneficial service of
the innovative AB-FB to support Wind installations. The only exception
was found in some of the ecotoxicity and toxicity categories, mostly
affected by the wide variety of substances necessary to produce wind
turbines and PV panels, according to a network analysis of the
indicators.

Based on results attained to the different energy sources and origin
comparison, it can be suggested that the use of AB-FB system for
renewable support is particularly beneficial for Wind power installations
compared to PV energy. This case was determined to be the application
with the lower environmental impact and therefore, recommended as
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the most sustainable one.
3.2. Economic results

3.2.1. TCC results

TCC values for both systems are summarised in Table 16. As
mentioned in section 2.3.1, the cost of the PCS included the costs of the
stack, periphery system and the labour related costs. Cgop was consid-
ered the same for both systems, and the value was obtained from the
literature as an approximation for VRFB (25 €/kW) (Zakeri and Syri,
2015).

As can be seen in Table 16, the most noticeable difference was
related to the cost of energy storage, being the VRFB cost almost four
times the AB-FB one. This difference arose from the required amount of
the vanadium electrolyte and cost. Although the amount of electrolyte
for the VRFB system was around 9 times lower than the corresponding
one for the AB-FB system (i.e., 202 m> and 1846 m> respectively), in
terms of cost, the VRFB electrolyte was hundred times higher than the
one for the AB-FB case (i.e., 5.01 €/1 and 0.057 €/1, respectively). It
resulted to a huge difference of almost ten times between the VRFB and
the AB-FB electrolyte costs (i.e., 1012 k€ and 105 k€, respectively).
Therefore, it could be said that the key cost driver for the VRFB system
was the electrolyte cost. In addition, VRFB was made of more expensive
gaskets, and more amount of carbon electrode material was required due
to its configuration. Concerning the latter, 1 pair of carbon electrodes
was needed per stack in the case of AB-FB (36 stacks), whereas for VRFB,
1 pair is needed per cell (155 cells), which resulted in a higher amount of
carbon electrodes needed for VRFB system.

Capacity related costs of the assessed VRFB system were lower than
some studies found in the literature. The CPS and the energy storage
system costs have been estimated an equal to 289-495 €/kWh for 100
kW to 1 MW scale VRFB (Kear et al., 2012). However, it is important to
highlight that this study was done in 2011 and therefore, the compo-
nents costs must have been updated so far. It has been also found a
revision of different VRFB costs studies (Jiilch, 2016). They concluded
that the capacity related cost of a VRFB system was in the range of
162-283 €/kWh, depending on the system configuration. The energy
storage cost for the VRFB system analized in this work was 149 €/kWh (i.
e., 1234 €/kW divided by 8.3h). Consequently, it might be said that the
assessed VRFB system would be inside the range of Verena’s cost
estimations.

3.2.2. LCC results

Following the methodology indicated in section 2.3.2, and more
specifically the formulae in Table 12, the LCC was calculated for both
systems. The LCC results were included in Table 17.

In the case of O&M costs, as can be seen in Table 17, a higher cost
was accounted to the AB-FB system as the discharge time of this battery
was higher (9.7 h versu 8.3 h). In this way, Cogwm,a was a little bit higher
for the AB-FB system.

For both types of ESS, Cg 5 was nearly 0, as both systems considered
the same interest rate. However, the Cgr was 166.5 €/kWh for the VRFB
and 131.3 €/kWh for AB-FB. This result was induced by the difference in
the VRFB material costs in comparison with those materials in the AB-FB
system, especially the higher costs of the VRFB electrolyte, as it was
previously discussed. This component resulted to be the most expensive
component in the VRFB in agreement with results reported in literature
to this battery type (Fernandez-Marchante et al., 2020; Rodby et al.,
2020). Other cost of relevance in the VRFB system were the gaskets, as
well as the ones related to the amount of carbon electrode material, as
mentioned in section 3.2.1.

In the case of the EoL costs, the key cost driver was the expenditure of
electricity due to rebalancing, dismantling, and recycling processes done
on the electrolyte. The differences from one system to another were the
larger amount of electrolyte in the AB-FB system (1846 m> of water vs.
202 m® of vanadium electrolyte), and the lack of rebalancing process for
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Fig. 10. Comparison of impacts related to the electricity lost attained by the AB-FB system at different operation scenarios.
Table 16 Table 17
VRFB 1 MW/8.3 MWh and AB-FB 1 MW/9.7 MWh: TCC breakdown. VRFB 1 MW/8.3 MWh and AB-FB 1 MW/9.7 MWh: LCC results.
Parameter Acronym VRFB AB-FB Unit Parameter Acronym Units VRFB AB-FB
Cost of power conversion system Ccps 1577 1397 €/kW Variable O&M cost Cvom €/kW 0.01 0.01
Cost of Balance of Plant Cpop 25 25 €/kW Annualized Fixed O&M cost Crom,a €/kW - 8.50 8.50
Cost of energy storage CsTOR*h 1234 390 €/kW year
o G 2837 1811 /W Future cost of replacement Cr €/kWh 166.5 131.3
cap 340 187 €/kWh External Environmental cost Cerc € 18.16 7.22
Disposal and recycling cost Cpr €/kW 3.87 6.07
Annualized variable O&M cost Cvom,a €/kW - 25.35 34.26
. year
the AB-FB electrolyte. The lack of rebalancing process led to an elec- Annualized TCC Ceapa E/KkW - 21842 13948
tricity expenditure of 0.01 kWh/kg of electrolyte for the AB-FB system year
against 0.04 kWh/kg of electrolyte for the VRFB system. Taking a look at Annualized O&M cost Cosm,a €/kW - 33.85 43.12
Table 12, the Cpg of AB-FB was twice the Cpg of VRFB. Even though a year
. . Annualized Replacement cost Cra €/kW - 5.71E- 6.01E-
rebalancing process was not needed for the AB-FB electrolyte, due to its ’ vear 06 06
higher volume (9 times higher than the VRFB’s one) the final electricity Annualized Disposal and Cora €/kW - 4.83E- 7.57E-
expenditure for AB-FB was almost the double of VRFB’s one. In any case, recycling cost year 18 18
the Cpg, was practically O for both systems (it is not indicated in the Annualized External Crrca €/kW - 2.27E-  9.01E-
: Environmental cost ear 20 21
table), due to the nature of the calculations (Table 12). Breakdown of the Y
)’ . (T4 ) Annualized LCC cost Crcca €/kW - 21875 13991
costs can be found in the SI. year
Cggc was higher for VRFB than for AB-FB, as expected from the LCA Levelized cost of electricity LCOE €/kWh 6.45 3.53
results for the AB-FB system operating as RS wind application. Costs of Net levelized cost of electricity LCOS €/kWh 6.05 3.07

each impact can be found in the SI. As happened in Cpgr, Cgec,a Was
practically O for both systems, due to the nature of the calculations (see
Table 12). Regarding the breakdown of the environmental externalities
costs (see Fig. 11), the highest contribution came from the TAP, which
made sense as its ECF was ranking the highest value on the list (see
Table 13), so even if the contribution was low, the cost would be high.
GWP contribution was higher in the case of AB-FB, as this value was
linked to the water consumption and AB-FB technology involved a larger

17

amount of electrolyte. The rest of the EI values were negligible.

The final step for the LCC was the calculation of Ccc,a. Something
that can be clearly deduced from the results in Table 17 was the
dependence of Cicca on Ceap,a, and thereof in TCC. This made sense, as
the nature of the formulae (Table 12) led to this type of result. In any
case, the results suggested a more economic scenario when AB-FB
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Fig. 11. Environmental Externality Cost for RS wind application. Breakdown of the EIs.

technology was implemented. In this way the LCOE of the AB-FB would
be around 3.5 €/kWh (2 times lower than VRFB). LCOS should be used
when a global comparison is necessary. In this way the same conclusion
applied: AB-FB would be more economic than VRFB. The results were
directly linked to the higher cost of the electrolyte and gaskets for VRFB,
plus the higher expenditure in carbon electrode due to the cell config-
uration. If we compare the results of this evaluation with other studies
available in literature, the LCOS of the AB-FB is in the range of other
RFBs. Even though there is a high variability in the results depending on
the type of electrolyte, size, process scenario, among other factors. Most
of the found results reported in literature fall between 175 €/MWh and
675 €/MWh (Pawel, 2014; Rodby et al., 2020; Sing Lai and McCulloch,
n.d.; Viswanathan et al., 2012). This fact corroborates that the AF-BF
technology is a more environmentally clean alternative without
implying a significant increase in economic costs with respect to the
existing alternatives.

4. Conclusions

In this research, key environmental and economic aspects of an
innovative AB-FB technology have been assessed and compared with
one VRFB system, which was considered for benchmarking purposes. In
addition, valuable information to establish a baseline for the future AB-
FB development has been elucidated.

In general, the AB-FB system attained the best environmental per-
formance. O&M was identified as the battery process stage that mostly
contributed to the total environmental impact of the battery due to the
electricity losses generated during the battery service to support Wind
and PV installations. Manufacturing was the second contributing stage,
basically, due to the power subsystem components. Generally, the key
materials affecting the environmental tendencies were steel, copper,
polyethylene and polyvinylchloride required to produce the AB-FB
components.

As expected, one of the main advantages of the AB-FB system is
related to the electrolyte implications. Compared to the VRFB
vanadium-based electrolyte, the AB-FB electrolytic solution is composed
by water and salts as main components, which results into a safer and
more sustainable technology than the VRFB system. The vanadium-
based electrolyte was also responsible of the main VRFB system con-
strains in terms of costs. According to the applied methodology, the
VRFB investment cost (339 €/kWh) was almost twice the AB-FB one
(184 €/kWh). It was mostly attributed to the relevance of the energy
subsystem cost and, particularly, the VRFB electrolyte production cost,
to the total cost of the VRFB technology. Besides the substantial costing
differences resulted by the electrolyte production, it was also denoted
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contribution of the gaskets and the larger amount of carbon electrode
used in the VRFB system in comparison with those materials in the AB-
FB system. Nevertheless, power subsystem costs were very similar for
both ESS. The investment costs were also the key cost drivers when
calculating the Net Levelized Cost of Storage, which was 6.05 €/kWh for
the AB-FB system in contrast to 3.07 €/kWh for the VRFB system. In this
way, the AB-FB technology was determined to be the most economic
option.

Results have also highlighted that the AB-FB system service provide
benefits to mitigate renewables intermittency, particularly for wind
power support. Furthermore, this work has provided insights on what
aspects should be addressed to make the AB-FB system even more sus-
tainable from an environmental point of view, and more affordable from
an economic point of view. On the one hand, research lines should be
focused on improving the efficiency of the battery in order to minimize
energy losses during renewable support operation. On the other hand,
efforts should be addressed on finding innovative materials to the
membranes and reducing consumption of steel and plastic required for
the battery component manufacturing by applying circular economy
actions, for instance, the use of recycled materials.
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