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H I G H L I G H T S

• Comparative environmental impacts
of novel and commercial SOFCs was
conducted.

• Novel structures show lower environ-
mental impact than the commercial
counterparts.

• Electricity is the highest impact of
novel SOFCs; higher than commercial
structures.

• A number of intervention options for
energy reduction are specified.
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A B S T R A C T

Globally, the issue of climate change due to greenhouse gas (GHG) emissions is now broadly acknowledged as one
of the major challenges facing humankind that requires urgent attention. Accordingly, considerable efforts on clean
energy technologies and policy recommendations have been developed to address this challenge. Solid oxide fuel
cells (SOFCs) have been touted to play a role in achieving a reduction in global GHG emissions, offering numerous
advantages including higher efficiencies and reduced emissions, over other conventional methods of energy gen-
eration. The increasing recognition and emphasis on fuel cells as a representative power generation system of the
future has raised concerns over their environmental profile. Extensive research regarding the environmental profile
of current structures of SOFCs can be found in the literature, but none consider the use of new materials to achieve
lower environmental impacts. This research fills the gap and presents a comparison of the environmental profile of
three SOFC structures: a commercially available structure, and two intermediate temperature structures, one using
erbia-stabilised bismuth oxide electrolytes and a proposed structure using strontium-doped sodium bismuth titanate
electrolytes. Using a functional unit of kg/100 kW of power output for each of the SOFC structures (excluding the
interconnects), within a hybrid life cycle analysis framework, the environmental hotspots across the supply chains of
each SOFC type are identified, quantified and ranked. The results show the use of these novel material combinations
leads to a reduction in embodied materials and toxicological impact but higher electrical energy consumption
during fabrication, in comparison to commercial SOFCs. The findings support the move to reduce the operating
temperatures of SOFCs using these novel material architectures, which leads to an overall reduction in environ-
mental impact due to the lower operational energy requirement of the chosen material constituents.
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1. Introduction

In a world where rising energy demand competes with calls for
green, sustainable energy to reduce the threat of climate change [1], the
fuel cell presents a promising alternative to the combustion process for
fuel production. Solid Oxide Fuel Cells (SOFCs) convert fuel to energy
through electrochemical reactions at high efficiencies rather than the
conventional combustion process, given that their efficiencies are not
restricted by the Carnot cycle of a heat engine [2]. SOFCs are efficient,
reduce carbon dioxide emissions in comparison to conventional
methods and eliminate the emissions of other pollutants such as NOx

and SOx altogether [3–5]. They have the potential to reach efficiencies
of over 85% (lower heating value- LHV) in combined heat and power
applications [6] and are currently in use as auxiliary power units for
trucks and cars and in military applications [7]. As such, they are re-
garded as one of the cleanest power generation technologies with less
impact on the natural environment [8].

A SOFC is composed of three essential parts: a porous cathode, a
porous anode and an impermeable electrolyte. Their operating tem-
perature is dictated by the temperature required by the electrolyte to
achieve the necessary ionic conductivity in order to function [9]. The
most common electrolyte material is yttrium stabilised zirconia (YSZ)
which has high conductivity above 800 °C, negligible electronic con-
ductivity between 800 and 1500 °C as well as chemical stability and

mechanical strength [2]. A popular cathode material is a strontium-
doped lanthanum manganite (LSM) and yttria-stabilised zirconia (YSZ)
composite and anodes are often composed of nickel oxide-YSZ [10].
With an operating temperature range of 800–1000 °C, these commercial
SOFCs undergo thermal stresses during their cycle of operation and this
often leads to catastrophic failure. Furthermore, these high operating
temperatures require ceramic interconnects which are expensive and
must undergo complex manufacturing processes [10]. Fig. 1 provides a
pictorial representation of the operating principle of a SOFC.

Current SOFC development is focused on reducing the cost of
manufacturing, increasing the in-service lifespan and lowering oper-
ating temperatures through the synthesis of alternative materials
[3,11]. Reduced operation temperatures also lead to difficulties such as
increased resistance of the electrolyte and reduced reactions rates
which in turn lead to reduced voltage and output [11]. These issues are
being overcome through the use of novel cathode, electrolyte and
anode materials. Compounds such as erbia-stabilised bismuth oxide
(ESB), gadolinium doped ceria (GDC) and strontium-doped sodium
bismuth titanate (NBT) are proposed for electrolyte manufacturing. In
addition, cathodes composed of bismuth ruthenate-bismuth oxide and
NBT stabilised with iron oxide are under investigation and anodes such
as nickel oxide with GDC show promise [6,12].

While a push for a reduction in the operating temperature of SOFCs
is necessary to achieve cost and energy savings and to improve

Nomenclature

Acidification potential AP
Cumulative energy demand CED
Di-n butyl phthalate DBP
Energy payback period EPP
Environmental input-output EIO
Erbia-stabilised bismuth oxide ESB
Eutrophication potential EP
Freshwater aquatic ecotoxicity potential FAETP
Freshwater sediment ecotoxicity potential FSETP
Gadolinium doped ceria GDC
Global warming potential GWP
Greenhouse gas GHG
Human toxicity potential HTP

Life cycle assessment LCA
Marine aquatic ecotoxicity potential MAETP
Marine sediment ecotoxicity potential MSETP
Platinum group metal PGM
Polyethylene glycol PEG
Polyvinyl butral PVB
Pulsed laser deposition PLD
Rare earth oxides REO
Solid oxide fuel cell SOFC
Strontium-doped lanthanum manganite LSM
Strontium-doped sodium bismuth titanate NBT
Supply Chain Environmental Assessment Tool-
intelligence SCEnATi
Yttrium stabilised zirconia YSZ

Fig. 1. Operating principle of a solid oxide fuel cell, adapted from Singhal [2].
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operating lifespans, it is important to understand the environmental
consequences of the proposed materials when presented in this context.
To address these issues, a hybrid life cycle assessment is presented of
three SOFC material structures (outlined in Section 3.3.1) to deduce
their relative environmental impacts. This will provide valuable in-
formation to material researchers and SOFC developers regarding the
environmental hotspots of the different material structures.

1.1. Contributions and novelty

Although the environmental impacts of the full life cycle of a product
or service provides important information for society, it has been shown
that conducting life cycle assessment (LCA), in the early stages of product
development, is beneficial to avoid the generation of “green” assumptions
about the materials under investigation [13,14]. Decreasing the operating
temperature of SOFCs is paramount in their current development and this
requires the use of novel material structures. Against this backdrop, the
contributions and novelty of this paper are summarised as follows:

• This research is the first to compare the environmental impacts of
the materials used in a commercial high temperature SOFC with
new material structures under development (i.e. ESB and NBT) for
intermediate temperature SOFCs. The results highlight the en-
vironmental implications of material substitution within the SOFC
materials supply chain and quantify the impact of existing materials
versus novel materials. This ensures that transitioning to novel
materials does not outweigh the environmental benefits derived by
reducing the operating temperature.

• It demonstrates the significance of taking into consideration, LCA, in
decision support strategies when new materials are developed and
considered in the substitution for other materials to ensure they are
better in their environmental sustainability performance. Therefore,
this research shows the need for LCA to become a ‘standard routine’
and an integral part of the toolbox of materials developer.

• Using the capabilities of LCA, this research shows that novel mate-
rial combinations lead to a reduction in embodied materials and
toxicological impact but higher electrical energy consumption
during fabrication, in comparison to commercial SOFCs.

• Overall, this research contributes to the understanding of the im-
plications of materials substitution, de-materialisation and waste
mining on the materials market in which there are challenges due to
scarcity, environmental impact and geo-political uncertainty of raw
material supplies.

In the following section, a brief review of the literature on solid
oxide fuel cells is provided.

2. Overview of published SOFC LCAs

To date, the main aim of published SOFC LCAs has been the identifi-
cation of process and material environmental impacts, the possible effect
of mitigation of these impacts and the comparison of energy sources [15].
For example, Strazza et al. [16] were able to show that for the ozone layer
depletion, photochemical oxidation, acidification, eutrophication and non-
renewable resources with energy content impact categories, the produc-
tion of the fuel used in the SOFC led to the highest impact. For the global
warming, the highest impact was from the use phase. Their results showed
that the manufacturing of the SOFC is of relatively low impact.

Nease and Adams [17] presented a cradle-to-grave life cycle as-
sessment of SOFCs utilized in large scale power plants which use the
gasification of coal as fuel. Using the ReCiPe 2008 method, they com-
pared their findings to the supercritical pulverised coal process and the
integrated gasification combined cycle process. The pair have also
compared bulk-scale SOFC power plants to the natural gas combined
cycle using the same LCA method [18]. The functional unit chosen for
these studies was 1 MWh of delivered electricity to allow a direct

comparison of the results from the different processes [17,18].
Buchgeister [19] used the SOFC electricity generation from biomass as

a case study to compare three LCA methodologies; eco-indicator 99, IM-
PACT 2002 and CML 2001. It was concluded that more than one metho-
dology should be employed in order to produce a robust, quality result. In
their review of SOFC LCAs, Mehmeti et al. [15] showed that the most
frequently used environmental impact method was CML 2001 and the
most common indicators were global warming potential, acidification
potential, eutrophication potential and photochemical oxidation potential.

The use of liquefied propane gas to power microtubular SOFCs was
investigated by Benveniste et al. [20]; a comparison of the environ-
mental impacts of an auxiliary power unit and a conventional system
were presented using LCA. The results of the study show that 54% of the
overall global warming potential was caused by the production phase of
the conventional system, but which could be minimised following
changes to the fabrication process.

For a detailed review on SOFC, we refer readers to Stambouli and
Traversa [21], where the arguments are detailed for the use of SOFCs as
a solution to the pending limitation of fossil fuels due to their high
efficiencies and flexibility on fuel use.

Although the current literature addresses important issues within
the life cycle of SOFCs, none have been found to report the environ-
mental impacts of materials substitution within their structures as in-
dustry moves to more novel materials. This is an important gap which
this research seeks to fill.

3. Methodology

In this section, a detailed methodological framework for the com-
parative environmental profile evaluation of three SOFC material
structures is presented. To reduce the operating temperatures of SOFCs,
it is necessary to achieve the required properties using innovative,
substituted materials. It has been shown by Ibn-Mohammed et al. [13]
that life cycle assessment (LCA) plays a crucial role in product devel-
opment in that one product may be assumed to be more “green” than
another, but without a robust comparison of the environmental impact,
this assumption should not be used in the decision making process.

3.1. Life cycle assessment

LCA methodologies are discussed widely in literature; the European
standard ISO 14040:2006 defines the LCA process. Four phases are required
to complete a robust LCA: definition of the goal and scope, an inventory
analysis, an impact assessment and finally interpretation of the results
[22–25]. The two leading techniques are process based LCA and environ-
mental input-output (EIO) LCA [13,26–34]. The Supply Chain Environ-
mental Assessment Tool- intelligence (SCEnATi), developed by Koh et al.
[35], integrates these two methodologies using a five step framework:
supply chain mapping, carbon calculations, low carbon intervention, supply
chain performance evaluation and informed decision making. This hybrid
LCA approach assesses the complete supply chain, therefore providing a
more robust result when compared to the process LCA methodology
[36,37]. The decision support tool has been used successfully within a
number of companies, leading to reductions in the environmental impacts of
their supply chains [35,38]. The use of the hybrid LCA methodology
through the SCEnATi decision support system captures the supply chain
inputs that may not be accounted for by a process LCA methodology [38].

3.2. Functional unit selection and system boundary

In the context of the current work, a hybrid LCA was conducted on
three SOFC material structures; a commercial SOFC, an intermediate
temperature SOFC utilising an erbia-stabilised bismuth oxide (ESB)
electrolyte and a proposed intermediate temperature SOFC utilising a
strontium doped sodium bismuth titanate (NBT) electrolyte. A func-
tional unit of “kg of material required in the production of a 100 kW-
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class SOFC stack at installed capacity” was used, referred to from this
point forward as “kg/100 kW energy generated”; all fuel energy values
refer to the LHV. The manufacturing methods to produce each of the
SOFC types are detailed in Section 3.3.1.

While LCA can take into account the whole life cycle of a product
[39], the aim of this investigation is to understand the impact of the
different material structures of the SOFCs, therefore the system
boundary (shown in Fig. 2) includes raw material extraction and the
SOFC manufacturing process; the use, end-of-life phases and inter-
connects are excluded. It is assumed that the lifespan of each material
structure is similar and therefore it is not a factor in the analysis.

3.3. Data collection

While primary data is preferred for the completion of an LCA, where
these are not available secondary sources can also be used [40]. In this
study, the life cycle inventory was comprised of primary data from the
laboratory and supplemented with secondary data from peer reviewed
literature, and upstream emissions data from the Ecoinvent database
[41]. Where material impact data were unobtainable, published
guidelines on the use of stoichiometric reactions, chemical character-
istics and functional parallels were used [13,42]. To achieve a deeper
understanding of how the data for the LCA are generated, it is

important to highlight the manufacturing processes for each of the
SOFC materials architecture under consideration.

3.3.1. The SOFC manufacturing process
The manufacturing processes of each of the SOFCs are detailed in

literature [43–46] and summarised in Section 3.3.1 a, b and c. Fig. 3
shows a schematic of the three SOFC structures that have been studied
in this work: 3a) High temperature Commercial SOFC; 3b) Intermediate
temperature NBT SOFC; 3c) Intermediate temperature ESB SOFC.

(a) The commercial SOFC manufacturing process
Anode production requires NiO, coarse YSZ and fine YSZ which are

mixed at a ratio of 56:22:22 wt%. The resultant powder is ball milled in
solvents for 24 h and then granulated using liquid granulation with a
thermoset polymer. The final granules are then compacted and uni-
axially pressed and then sintered in a reducing atmosphere for 3 h at
900 °C [43]. The YSZ electrolyte starts life as ZrO2 (with 8 mol% Y2O3)
powder which is ball milled with ethanol for 30 h. The mixture is then
ultrasonically suspended in ethanol for 30 min in a mixture of 1 wt%
ethylcellulose and 3 wt% polyvinyl butyral and finally sprayed on to the
NiO/YSZ anode. The anode supported electrolyte is then sintered for 4 h
at 1400 °C [44–46]. To complete the structure, LSM (La0.7Sr0.3MnO3)
and YSZ powders are mixed at a weight ratio of 6:4. This mixture is
ground for 1 h with 6 wt% ethylcellulose and 94 wt% terpineol. The

Fig. 2. The System boundary applied to the hybrid LCA of three SOFC material structures. N.B. the example fabrication processes listed are those shared by all three
SOFC structures; see Section 3.3.1 for the specific manufacturing processes for each SOFC type.

Fig. 3. Schematic of the three SOFC architectures studied in this article; from left to right: The Commercial HT-SOFC; the IT-SOFC with NBT electrolyte; the IT-SOFC
with ESB electrolyte.
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resulting paste is applied to the YSZ electrolyte by brush printing. The
substrate is then sintered for 2 h at 1200 °C [46].

(b) The ESB SOFC manufacturing process
The anode support is produced by tapecasting NiO and

Ce0.9Gd0.1O1.95 powders at a 65:35 wt% ratio. The powders are weighed
and ball milled with a dispersant (Solsperse, toluene and ethyl alcohol
mixture) for 24 h. Di-n butyl phthalate (DBP), polyethylene glycol
(PEG) and polyvinyl butral (PVB) are added to the suspension which is
ball milled for a further 24 h. De-airing then takes place in a vacuum
chamber, the slurry must be stirred continuously to prevent solidifica-
tion. The slurry is then tapecast, dried for 2 h at 100 °C, shaped into
discs and finally sintered at 900 °C for 2 h [47]. The anode functional
layer (AFL) is also produced using GDC powder, the solution is prepared
with ethanol and sprayed on to the NiO-GDC anode; presintering then
takes place at 900 °C for 1 h [47,48]. GDC powder is then ball milled for
24 h with Solsperse in ethanol, Di-n butyl phthalate (DBP) and poly-
vinyl butral (PVB) are then added prior to a further 24 h of ball milling.
The slurry is then spray coated on to the NiO-GDC anode (and AFL). The
Electrolyte-AFL-Anode substrate is heat-treated in a vacuum oven for
5 h at 120 °C and then sintered at 1450 °C for 4 h [47,48].

The ESB electrolyte is produced using Er2O3 and Bi2O3 powders
which are weighed, ball milled in ethanol using yttria-stabilized zir-
conia (YSZ) media for 24 h, dried on a hot plate with stirring and then
calcined at 800 °C for 15 h. The ESB green pellets are produced by uni-
axially pressing (at around 10Kpsi); firing at 890 °C for 4 h [49,50].
Pulsed Laser Deposition (PLD) is used to deposit the ESB electrolyte on
to the GDC electrolyte. The substrate (anode and AFL) is heated to
630 °C.

The BRO7-ESB cathode is manufactured using Bi2Ru2O7 and ESB.
Stoichiometric amounts of Bi2O3 and RuO2·XH2O are combined to
produce BRO7. The powder is ball milled in ethanol for 24 h with
grinding media of YSZ, dried on a hotplate whilst being stirred and then
calcined at 900 °C for 10 h [50]. The resultant powder is then crushed
and sieved [50]. The ESB (production method described above) and
BRO7 powders are then mixed with isopropanol and ultrasonicated.
Paint brushing is then used to apply the slurry to the electrolyte. The
substrate is then dried for 1 h at room temperature, dried at 120 °C for
1 h and fired at 800 °C for 2 h [50].

(c) The NBT SOFC manufacturing process
The NBT SOFC is currently in the conceptual phase and to date the

electrolyte alone has been manufactured. It is therefore assumed that
the electrolyte will be used in conjunction with a NiO-GDC anode and a
LSM-YSZ cathode as these are the most commonly used materials in
each case. In this case, the anode (NiO-GDC) is produced in the same
method outlined in Section 3.3.1b. The Sr-doped NBT electrolyte is
produced through solid state synthesis using Na2CO3, Bi2O3, SrCO3 and
TiO2; before weighing, each constituent is dried at 300 °C (Na2CO3,
Bi2O3), 180 °C (SrCO3) and 800 °C (TiO2), respectively. The mixture of
powders is ball milled for 6 h, dried (12 h at 80 °C), sieved and calcined
for 2 h at 800 °C. A second calcination takes place at 850 °C for 2 h,
followed by ball milling for 6 h. Finally, pellets are sintered at 1150 °C
for 2 h in air [51]. Cathode materials for NBT-based electrolyte are still
under investigation. In this study, the LSM-YSZ cathode of the com-
mercial SOFC is used as a representative example. The final substrate is
dried for 1 h at room temperature, dried at 120 °C for 1 h and then fired
at 850 °C for 2 h.

3.3.2. Building a functional SOFC
Section 3.3.1 a, b and c describe the production of one cell of a

SOFC, in reality, cells are stacked to form modules in order for them to
achieve the required power output. Wachsman et al. [6] report the
dimensions of one SOFC cell as 10 cm × 10 cm × 0.2 cm (width x
length x height). The heights of each component within the cell struc-
ture are reported as 800 µm (anode), 1 µm (anode functional layer),
10 µm (GDC electrolyte), 4 µm (ESB electrolyte) and 49 µm (cathode),
the remaining height represents the interconnect [47,48,52]. One

module is required to produce 100 kW; one module contains 10 stacks,
1 stack contains 50 cells, therefore 1 module contains 500 cells. The
calculated kg required for one cell were then scaled appropriately. As
the NBT structure is still under development, in order to complete the
data acquisition for the process LCA, it was assumed that the NBT
structure was of the same size and output as the ESB structure. Using
this information, the weights of the NBT structure were acquired.

3.3.3. Life cycle impact categories
The environmental impacts analysed in this case were taken from

the Ecoinvent database (version 3.2 2105) and used as the method of
comparison between the three SOFC structures. The impacts chosen
were those highlighted by Mehmeti et al. [15] as the most frequently
used in SOFC LCA analysis and taken from the CLM 2001 database;
global warming potential (GWP) 100a, acidification potential (AP)
generic, eutrophication potential (EP) generic, freshwater aquatic eco-
toxicity potential (FAETP) 100a, freshwater sediment ecotoxicity po-
tential (FSETP) 100a, marine aquatic ecotoxicity potential (MAETP)
100a, marine sediment ecotoxicity potential (MSETP) 100a, human
toxicity potential (HTP) 100a and land use. The cumulative energy
demand (i.e. materials embodied energy) was also compared and is the
primary energy relating to the extraction of embodied energy of natural
resources that has not been transformed into any usable energy such as
electricity or gas. Examples include fossil fuels, solar, nuclear, geo-
thermal and wind energy [13,53], therefore, the cumulative energy
demand is equal to the sum of the aforementioned energy sources. In
line with the conclusions made by Buchgeister [19], the ReCiPe 2008
data set are also analysed to support the CML2001 impacts and allow
for further assessment.

The Ecoinvent dataset for the “market for electricity, low voltage
[kWh]” represented the electricity used in this investigation. This da-
taset reveals the feeding of electricity into the network, including all
upstream activities, i.e. generation (reference product: electricity, low
voltage [kWh]). The thermal energy consumption was shown using
“heat and power co-generation, natural gas, combined cycle power
plant, 400 MW electrical [MJ]; representing the production of high
voltage electricity and heat in a combined cycle natural gas power plant
(reference product: heat, district or industrial, natural gas [MJ]). Both
datasets relate to generation in Great Britain.

Component level analysis of different environmental impact cate-
gories were normalised to identify the significance of each element of
the SOFCs. The total primary energy demand within the system
boundary was determined.

The SCEnATi decision support tool was utilised to enable the in-
direct impacts of manufacturing the SOFC structures to be accounted
for. In this case the following ‘missing inputs’ were applied to the
system boundary of the chosen supply chain: freight transport by road,
telecommunications, computer services and related activities, research
and development, collection of waste.

3.3.4. Life cycle inventories
The breakdown of the electrical and thermal energy consumptions

for the production of each of the material structures studies are shown
in Tables 1–6. It is important to note that those laboratory processes
conducted manually and which do not require an energy input, have
been excluded from Tables 1–6. Table 7 outlines the equivalent energy
demand for both electricity and gas in MJ-eq based on generic data
from Ecoinvent. The SOFC structure life cycle inventories relating to
each of the SOFC structures are outlined in the Appendix in Tables
A1–A3.

As highlighted in Section 3.3.3, the materials embedded energy,
which is expressed in MJ-eq, is the sum of the untransformed energy
sources including fossil fuels, solar, nuclear, geothermal and wind en-
ergy as outlined in Table 7. For example, the energy consumption of the
calcination of ESB (shown in Table 5) is equal to 31.05 kWh but, as
shown in Table 7, 1 kWh of energy is equivalent to 11.84 MJ-eq.
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Accordingly, the primary energy demand for the calcination of ESB is
372.96 MJ-eq. This is necessary to allow for the three energy types to be
compared using the same units.

4. Results and discussion

The results shown in Figs. 4–11 graphically evaluate the impact of
each of the three SOFC structures which have been investigated;
Commercial, NBT and ESB. The materials which constitute each com-
ponent within the structure, i.e. anode, cathode etc. have been amal-
gamated to demonstrate the environmental impact of the component
and to reduce the complexity of the figures. Where a substantial impact
is caused by one of the materials used within the component, this is
discussed in further detail.

4.1. Comparison of the environmental profiles of the SOFC structures

Fig. 4a shows a total primary energy demand for the production of a
commercial SOFC as 48,368 MJ-eq/100 kW; this is dominated by the
material embedded energy which accounts for almost 97% of the total.
In comparison, the total primary energy demand of the NBT SOFC is
19,481 MJ-eq/100 kW; in this case, the percentage contribution of the
electrical energy demand is 44%. Similarly, the electrical energy con-
sumption for the production of the ESB material structure is 38% with a
total primary energy demand of 24,064 MJ-eq/100 kW. In all three
cases, the thermal energy consumption accounts for less than 1% of the
total.

As discussed in Section 3.3.1, the manufacturing process of the in-
termediate temperature SOFC structures are more complex than that of
the commercial SOFC, leading to an increased electrical energy re-
quirement. For example, the NiO-GDC anodes of the IT-SOFC structures
require an additional de-airing and tapecasting step, which the HT-
SOFC structure does not. Furthermore, the IT-SOFC NBT electrolyte and
IT-SOFC ESB electrolyte require a calcination step, absent from the
manufacturing process of the HT-SOFC.

Despite this, the overall primary energy use of the intermediate
structures is lower due to a reduced material embedded energy in these
structures. This reduction can be attributed to the change from a NiO-
YSZ anode to a NiO-GDC anode and a reducing in the amount of ma-
terial required to achieve the same power output (discussed above),
leading to a saving of 35,318.3 MJ-eq/kg. While the overall percentage

contribution of YSZ is higher than GDC, the intermediate anodes re-
quire a much smaller amount of GDC in the manufacturing process and
therefore the overall impact is lowered.

There is larger difference in the material embedded energy of the
HT-SOFCs when compared with the LT-SOFCs due to the amount of
material required to achieve the functional unit of kg/100 kW of energy

Table 1
Electrical energy consumption for the production the commercial SOFC struc-
ture.

Process flow Equipment power
rating (W)

Time (s) Electrical energy
(kWh)

Ni heating 2070 21,600 12.42
Ball mill NiO-YSZ 50 86,400 1.20
Sintering of NiO-YSZ 2070 10,800 6.21
Ball mill YSZ 50 108,000 1.50
Ultrasonic suspension of

YSZ
250 1800 0.13

Sintering YSZ 2070 14,400 8.28
Sintering of LSM-YSZ 2070 7200 4.14
Total 33.88

Table 2
Thermal energy consumption for the production the commercial SOFC structure. *Specific heat capacity.

Process flow Temp’ (K) SHC* (J/mol K) Mass (kg) Mol Thermal energy (MJ)

Ni heating 673 26.10 68.88 1173.42 20.61
Sintering of NiO-YSZ 1173 51.23 123.00 1646.59 98.94
Sintering YSZ 1673 59.90 2.14 17.40 1.74
Sintering of LSM-YSZ 1473 78.75 5.25 16.10 1.87
Total 123.17

Table 3
Electrical energy consumption for the production the NBT SOFC structure.

Process flow Equipment power
rating (W)

Time (s) Electrical energy
(kWh)

Ni Heating 2070 21,600 12.42
Weigh NiO 230 60 0.004
Weigh GDC 230 60 0.004
Ball mill NiO-GDC 50 172,800 2.40
De-airing with continuous

stirring of NiO-GDC
1020 86,400 24.48

Tapecasting of NiO-GDC 4600 1800 2.30
Dry NiO-GDC 2070 7200 4.14
Sinter NiO-GDC 2070 7200 4.14
Dry Na2CO3 2070 43,200 24.84
Dry Bi2O3 2070 43,200 24.84
Dry SrCO3 2070 43,200 24.84
Dry TiO2 2070 43,200 24.84
Weigh Na2CO3 230 60 0.004
Weigh Bi2O3 230 60 0.004
Weigh SrCO3 230 60 0.004
Weigh TiO2 230 60 0.004
Ball mill Sr-NBT 50 21,600 0.30
Dry Sr-NBT 2070 43,200 24.84
Calcine Sr-NBT 2070 7200 4.14

2070 7200 4.14
Ball mill Sr-NBT 50 21,600 0.30
Sinter Sr-NBT 2070 7200 4.14
Sinter LSM-YSZ 2070 7200 4.14
Dry 2070 3600 2.07
Dry 2070 3600 2.07
Sinter 2070 7200 4.14
Total 199.54

Table 4
Thermal energy consumption for the production the commercial NBT structure.

Process flow Temp’ (K) SHC* (J/
mol K)

Mass (kg) Mol Thermal
energy (MJ)

Ni Heating 673 26.10 10.94 186.42 3.27
Dry NiO-GDC 373 52.25 16.84 67.99 1.33
Sinter NiO-GDC 1173 52.25 16.84 67.99 4.17
Dry Na2CO3 573 112.30 0.06 0.58 0.04
Dry Bi2O3 573 113.50 0.25 0.55 0.04
Dry SrCO3 453 81.40 0.01 0.05 0.002
Dry TiO2 1073 55.00 0.19 2.31 0.14
Dry Sr-NBT 353 101.40 0.51 2.00 0.07
Calcine Sr-NBT 1073 101.40 0.51 2.00 0.22

1123 101.40 0.51 2.00 0.23
Sinter Sr-NBT 1423 101.40 0.51 2.00 0.29
Sinter LSM-YSZ 1473 78.75 5.25 16.10 1.87
Dry 298 63.04 27.61 320.72 6.03
Dry 393 63.04 27.61 320.72 7.95
Sinter 1123 63.04 27.61 320.72 22.71
Total 48.33
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generated. 123 kg of Ni-YSZ is required for the anode of the HT-SOFC
alone, in comparison to only 17 kg of NiO-GDC for both of the IT-SOFC
architecture anodes. These amounts were calculated based on those
provided in published literature, in line with Section 3.3.1.

Fig. 4b compares the toxicological footprints of each material
structure with respect to the HTP, FAETP, FSETP, MAETP and MSETP,
all measured in kg 1,4-DCB-eq. Of the five indicators studied, the
MAETP and MSETP impacts have the highest result over each of the
three SOFC structures. It is the use of NiO in the anodes of the com-
mercial HT-SOFC and the NBT IT-SOFC that causes, over 97% and 88%
respectively, the overall impact of the component for these five

toxicological indicators.
Although the NiO-GDC anode of the ESB IT-SOFC leads to almost

75% of the HTP impact, it is the use of ruthenium oxide in the cathode
that results in the highest impact over the four remaining toxicological
indicators. Ruthenium is a platinum group metal (PGM), the use of
RuO2·XH2O in the ESB cathode structure may cause a high toxicological
result because certain compounds of PGMs have been found to have
carcinogenic and mutagenic effects [54].

Fig. 4c gives a comparison of the ReCiPe Endpoint (E, A) 2008 en-
vironmental impact category; the result provided by this indicator
mirrors the results of those given by the CML2001 indicator in Fig. 4b.
Although the methodologies differ and therefore the two results cannot
be directly compared, it is important to show the results across a range
of methodologies [55].

The IO upstream GHG data was inputted into the SCEnATi decision
support tool. A comparison of the results for each structure is shown in
Fig. 4d. In each case, the highest proportion of the impact can be at-
tributed to the ‘transport and communication’ sector, followed by
‘mining’ and ‘utilities’. Again, the upstream GHG data for the com-
mercial SOFC architecture is higher than that of the NBT and ESB
structures because of the higher amount of material required for the
production of the commercial SOFC, leading to a higher impact on the
supply chain. As these impacts would usually be excluded from a pro-
cess LCA, their inclusion in this analysis gives a more accurate life cycle
impact result [26].

4.1.1. A closer look at material use vs. electrical energy consumption
impacts

State of the art SOFC stacks have been reported to function for no
more than 2–3 years because of issues such as mechanical stresses and
catalyst poisoning. To determine the energy payback period (EPP) for
each of the material structures concerned, a knowledge of the energy
outputs of each type of SOFC is required. Given that ESB and NBT
SOFCs are still under development, it is difficult to estimate their
electrical energy outputs and consequently their EPP cannot be calcu-
lated at this time. However, it is important to shed more light on the
interplay between embodied materials impact and impact due to elec-
trical energy consumed during fabrication. As shown in Table 8, if the
energy outputs were known, it is immediately clear that NBT SOFC will
yield the fastest energy payback period followed by ESB SOFC. How-
ever, as shown in Fig. 5, the split between materials and energy con-
sumption impacts is 86%: 14% and 81%: 19% for ESB and NBT SOFCs
respectively compared to 99%:1% for commercial SOFCs.

While the electrical energy requirements of the novel SOFC mate-
rials structures increases in comparison to the commercial SOFCs, we
argue that achieving lower materials impact has greater influence than
energy consumption. It is easier to specify intervention options for
energy reduction which are readily available compared to impact which
requires optimisation of properties for the reduction in usage or
through intelligent specifications of materials with lower embedded
impact. In an industrial setting, mass production of the SOFC stacks

Table 5
Electrical energy consumption for the production the commercial ESB structure.

Process flow Equipment power
rating (W)

Time (s) Electrical energy
(kWh)

Ni Heating 2070 21,600 12.42
Weigh NiO 230 60 0.004
Weigh GDC 230 60 0.004
Ball mill NiO-GDC 50 172,800 2.40
De-airing with continuous

stirring of NiO-GDC
1020 86,400 24.48

Tapecasting of NiO-GDC 4600 1800 2.30
Dry NiO-GDC 2070 7200 4.14
Sinter NiO-GDC 2070 7200 4.14
Presinter GDC 2070 3600 2.07
Ball mill GDC 50 172,800 2.40
Heat treat GDC 2070 18,000 10.35
Sinter GDC 2070 14,400 8.28
Weigh Er2O3 230 60 0.004
Weigh Bi2O3 230 60 0.004
Ball mill ESB 50 86,400 1.20
Dry ESB on hot plate while

stirring
1020 86,400 24.48

Calcine ESB 2070 54,000 31.05
Sinter ESB 2070 14,400 8.28
PLD of ESB 30,000 2700 22.50
Ball mill BRO7-ESB 50 86,400 1.20
Dry BRO7-ESB on hot plate

while stirring
1020 86,400 24.48

Calcine BRO7-ESB 2070 36,000 20.70
Ultrasonication of BRO7-ESB 250 1800 0.13
Dry BRO7-ESB 2070 3600 2.07

2070 3600 2.07
Sinter 2070 7200 4.14
Total 215.29

Table 6
Thermal energy consumption for the production the commercial ESB structure.

Process flow Temp’ (K) SHC* (J/
mol K)

Mass (kg) Mol Thermal
energy (MJ)

Ni Heating 673 26.10 10.94 186.42 3.27
Dry NiO-GDC 373 52.25 16.84 67.99 1.33
Sinter NiO-GDC 1173 52.25 16.84 67.99 4.17
Presinter GDC 1173 66.34 0.03 0.20 0.02
Heat treat GDC 393 66.34 0.34 1.96 0.05
Sinter GDC 1723 66.34 0.34 1.96 0.22
Dry ESB on hot

plate while
stirring

373 112.65 0.17 0.38 0.02

Calcine ESB 1073 112.65 0.17 0.38 0.05
Sinter ESB 1163 112.65 0.17 0.38 0.05
PLD of ESB 903 112.65 0.17 0.38 0.04
Dry BRO7-ESB on

hot plate while
stirring

373 98.49 12.82 20.72 0.76

Calcine BRO7-ESB 1173 98.49 12.82 20.72 2.39
Dry BRO7-ESB 298 98.49 12.82 20.72 0.61

393 98.49 12.82 20.72 0.80
Sinter 1073 98.49 12.82 20.72 2.19
Total 15.96

Table 7
Equivalent energy demand for both electricity and gas in MJ-eq based on
generic data from Ecoinvent.

Cumulative energy demand
(MJ-eq)

Electricity (electrical
energy- kWh)

Gas (thermal energy-
MJ)

Biomass 0.51 0.0002
Fossil 7.71 0.44
Geothermal 0.00 0.000
Nuclear 3.25 0.001
Primary forest 0.001 1.34E-06
Solar 0.02 1.30E-07
Water 0.10 0.001
Wind 0.24 5.40E-05
Total 11.84 0.44
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would be employed, thereby reducing the electrical and thermal loads
by more efficient processing methodologies [52]. New techniques such
as cold sintering are also being developed to reduce energy consump-
tion during the densification of ceramics [56] and optimised rotational
speed and the improved grinding capacity in industry may be used to
reduce the electrical energy attributed to ball milling on the laboratory
scale [57]. Moreover, if in the future, the grid is de-carbonised and the
emissions intensity of electricity is greatly reduced, the overall elec-
trical energy consumption will lessen leaving the challenge to de-
termine how impact from materials may be minimised. Essentially,
despite the higher energy consumption of ESB and NBT SOFCs, the

work reported here still constitutes a significant reduction in impact
due to materials utilisation in the development of SOFCs.

4.2. Primary energy consumption of commercial, ESB and NBT SOFCs

This section provides an evaluation of the material embedded dis-
tributions, thermal and electrical energy distributions (Figs. 6–8) for
each of the SOFC structures that have been studied (commercial, NBT
and ESB, respectively).

The material embedded energy contributions for each material
structure are broken down further in Figs. 6–8a. For both the Commercial
and NBT structures (Figs. 6–8a), the anode composite structures lead to
the highest impact. Deeper inspection of the analysis shows that for the
commercial SOFC, YSZ contribution is 58% while the NiO contribution is
25%. Similarly, 68% of the NBT SOFC anode material embedded energy
is caused by the use of Gd-doped CeO2 (GDC). Figs. 6–8a shows that the
NiO-GDC anode of the ESB SOFC contributes to 53% of the material
embedded energy while just under 47% is caused by the cathode. With
the cathode however, the impact is caused by the use of ESB.

While the thermal energies of each of the material structures are
negligible in comparison to the material embedded and electrical en-
ergies, in each of the three cases shown in Figs. 6–8b, the highest impact
comes from the sintering process. “Others” in Figs. 6–8b refers to pro-
cesses below 1% such as pre-sintering and pulsed laser deposition.
Figs. 6–8c shows that the highest electrical impact of the commercial
SOFC material structure is also from sintering, whereas Figs. 6–8c show
that drying has the highest electrical energy contribution in the

Fig. 4. The comparison of the commercial, NBT and ESB SOFC material structures for (a) primary energy demand, (b) toxicological footprint, (c) ReCiPe Endpoint (E,
A) 2008 and (d) IO upstream greenhouse gas (GHG) emissions.

Fig. 5. Percentage contribution of the electrical and material energy impacts
for the GWP 100a indicator.
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intermediate temperature SOFCs. “Others” in Figs. 6–8c refers to those
processes below 1%, namely: weighing, pre-sintering and ultrasonication.

It is clear to see in Figs. 6–8b and c, that the manufacturing processes
becomes more complicated as the operating temperature decreases.
Consequently, the electrical energy requirements increase. Should either
of these structures be commercialised, it is likely that the thermal and
electrical energy demands will be reduced due to the use of more energy
efficient machinery and a batch manufacturing process with a higher
output [58]. Additionally, it has been shown by Ibn-Mohammed et al.
[13] that the use of sintering aids and low temperature manufacturing
technology can further optimise the sintering process and consequently
reduce the thermal and electrical energy requirements.

4.3. Component level analysis of each SOFC structures

The NiO-YSZ anode in the commercial SOFC structure causes the
highest environmental impact, shown in Fig. 9 (the axis of which ranges
from 80 to 100% to clearly show the impact of each element in the
structure). Within the anode, the use of NiO has the highest contribu-
tion to the AP (89%), EP (78%), FAETP 100a (86%), HTP 100a (81%),
MAETP 100a (88%), FSETP 100a (86%) and MSETP 100a (87%). While
the environmental impact of nickel mining has decreased, historically it
has caused heavy metal soil contamination, a reduction in biodiversity
and acid rain [59]. With regards to human toxicology, nickel inhalation
has been linked to lung and nose cancer [60]. The use of YSZ in the
component contributes to 55% of the GWP 100a of the commercial
SOFC anode, the cumulative energy demand of this material contributes

to 58% of the overall anode total and the land use category, which
expresses land damage (e.g. occupation) in square meter of land per
year, is 61%.

It is the use of ZrO2 in YSZ that leads to the highest impact across
the GWP (56%), AP (44%), EP (59%), FAETP (60%), MAETP (61%),
CED (35%), FSETP (61%) and MSETP (61%) indicators. ZrO2 is pro-
duced by the calcination of zirconium hydroxide which is synthesised
during the zirconium-hafnium separation process [61]. Zirconium
mining leads to high energy use for the dredging activities and diesel
for machinery such as trucks and excavators (affecting the GWP and
CED impact). Mineral separation leads to the release of heavy metals
which contributes to the ecotoxicity impacts (FAETP, MAETP, FSETP
and MSETP) of the material. Additionally, the release of greenhouse
gases directly affects the AP impact of the material [61,62].

The overall impact of the NBT SOFC is also mainly affected by the
impact of the NiO-GDC anode; GWP 100a (73%), AP (95%), EP (88%),
FAETP 100a (92%), HTP 100a (88%), MAETP 100a (92%), CED (71%),
FSETP 100a (92%), MSETP 100a (92%) and Land use (61%); this is
shown in Fig. 10. While the majority of this impact can be attributed to
the NiO component of the anode, the cumulative energy demand
(68%), land use (46%) and GWP 100a (58%) are caused by the use of
GDC. In turn, the cerium component of GDC, causes this.

In comparison to this, the ESB SOFC environmental impact is mainly
shared across the impacts of the anode (NiO-GDC) and the cathode
(ESB-BRO7); Fig. 11. While the impacts of the NiO-GDC anode are
mentioned in the previous paragraph, the majority of the cathode im-
pacts are affected by the use of RuO2·XH2O. Ruthenia is found in very

Figs. 6–8. The percentage contribution of each process step in relation to the primary energy consumption shown in Fig. 4a.
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small quantities in ores in combination with other platinum metals; it is
difficult to separate from those ores [63,64]. Mining of platinum group
metals is an energy and labour intensive process that can take up to six
months due to its complexity, leading to a high environmental impact
due to high electricity consumption [65].

An overall comparison of each environmental impact category shows
that the NBT materials lead to the lowest of the three material structures
in all of the investigated cases. With this in mind, overall, the NBT in-
termediate temperature SOFC provides the lowest environmental impact
of the three structures that were investigated in this study.

Fig. 9. The percentage contribution of each commercial SOFC component for the environmental impacts investigated in this study. The y axis is shown from 80% to
100% to show the impact contribution from all three components.

Fig. 10. The percentage contribution of each NBT intermediate temperature SOFC component for the environmental impacts investigated in this study.
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What each of these structures has in common is their use of rare
earth elements (REEs) which are mined as rare earth oxides (REOs).
REOs have been classified as critical by the European Union [66] and
while they are not rare in abundance, they are difficult to mine in often
unfeasibly economic concentrations [67,68]. Their production process
leads to mining wastes, chemical pollution, hazardous wastewater
discharge, greenhouse gas emissions and resource depletion (among
other impacts) [69]. Throughout the material structures, it is this factor
(along with the use of nickel) that has the highest overall impact.

4.4. Limitations of the presented work

The bill of materials for the commercial and ESB material structures
was acquired from literature, the NBT structure was taken from lit-
erature and developed further by expert knowledge of the functional
requirements. A lack of primary data is the main limitation to the
output of the study. Further development of the NBT components will
allow for a more representative conclusion for this particular material
structure. Furthermore, future work could include the respective bal-
ance of plant for each structure.

While the use of the hybrid LCA methodology was chosen to ensure
that the system boundary employed in this study was complete, a level
of subjectivity on the part of the modeller is imparted through the de-
cision of which missing inputs are added to the SCEnATi decision
support tool. Further work in this area could include a wider, expert
audience to reduce the level of subjectivity imparted on the model.

As the NBT SOFC materials are currently under investigation, this

work will benefit from further study when the full structure has been
completed. Furthermore, should the ESB and/or the NBT structures be
commercialised, the industrial processed should be compared to give a
more accurate world view of the thermal and electrical energy demands.

5. Conclusions

The main aim of investigating and commercialising novel solid
oxide fuel cell (SOFC) material structures is to enable them to function
at lower temperatures. This work shows the use of these novel material
combinations leads to a reduction in the primary energy requirements
when compared with commercial SOFC production materials. This
saving is achieved by a reduction in the embedded material energy,
while an increase in electrical energy has been shown due to the more
complicated manufacturing processes required. Overall, the sodium
bismuth titanate intermediate temperature SOFC shows the lowest en-
vironmental impact across all of the impacts investigated and therefore
provides the most environmentally friendly option for future inter-
mediate temperature SOFCs.

While the intermediate temperature SOFC material structures show
a reduction in environmental impact when compared to the commercial
SOFC, further improvements could be made within the manufacturing
process and materials used.

As the sodium bismuth titanate SOFC materials are currently under
investigation, this work will benefit from further study when fuel
structures have been completed. Furthermore, should the erbia-stabilised
bismuth oxide and/or the sodium bismuth titanate structures be com-
mercialised, the industrial processes should be compared to give a more
accurate world view of the thermal and electrical energy demands.
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Fig. 11. The percentage contribution of each ESB intermediate temperature SOFC component for the environmental impacts investigated in this study.

Table 8
Materials vs electrical energy impact of each of the three SOFC structures.

Impact category Commercial SOFC ESB SOFC NBT SOFC

Material impact (kgCO2-eq) 2382.64 866.99 517.59
Electricity impact (kgCO2-eq) 22.00 139.84 124.23
Total impact (kgCO2-eq) 2404.64 1006.83 641.82
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Appendix

Life cycle inventories of the material requirements for each of the three SOFC material structures studied in this work.
See Tables A1–A3.

Table A1
LCI of the commercial SOFC structure (material inputs adapted from [8]), including the associated GWP 100a impact.

Component Material Composition kg/100 kW GWP 100a
impact

Anode NiO-YSZ NiO 68.88 837.44
YSZ 54.12 1218.61
Isopropanol 28.29 49.55
PVA 8.61 17.79
Methyl methacrylate
(binder)

6.16 41.30

Ethylene glycol (plasticiser) 9.86 18.53
Trichloroethylene (solvent) 43.10 20.08
Ethanol (solvent) 43.10 28.94

Electrolyte YSZ ZrO2 1.85 8.92
Y2O3 0.29 4.67
Ethanol 0.75 0.50
Elthylcellulose 0.01 0.03
Polyvinyl butyral 0.02 0.05
Methyl methacrylate
(binder)

0.11 0.72

Ethylene glycol (plasticiser) 0.17 0.32
Trichloroethylene (solvent) 0.75 0.35
Ethanol (solvent) 0.75 0.50

Cathode LSM-YSZ Lanthanum oxide 3.82 60.49
Strontium nitrate 2.48 3.38
Mn3O4 1.35 2.67
PEG (plasticiser) 1.03 1.93
Graphite 0.79 0.03
PVA (binder) 0.44 0.91
Water 2.93 0.004
YSZ 2.63 59.11
Ethylcellulose 0.01 0.05
Terpineol 0.17 0.32
Ethylene glycol diethyl
ether (solvent)

1.58 2.97

Ethanol (solvent) 3.68 2.47

Table A2
LCI inventory of the NBT SOFC [12], including the associated GWP 100a impact.

Component Material Composition kg/100 kW GWP 100a
impact

Anode NiO-GDC NiO 10.94 133.04
CeGdO 5.89 218.74
Solsperse 3.87 7.28
Toluene 3.87 6.83
Ethyl alcohol 3.87 2.60
Di-n butyl phthalate 1.35 2.53
polyethylene glycol 1.35 2.53
polyvinyl butral 1.18 2.44

Electrolyte Sr-NBT Na2CO3 0.06 0.01
Bi2O3 0.25 5.58
SrCO3 0.01 0.01
TiO2 0.19 1.47
Isopropanol 0.12 0.20

Cathode LSM-YSZ Lanthanum oxide 3.82 60.49
Strontium nitrate 2.48 3.38
Mn3O4 1.35 2.67
PEG (plasticiser) 1.03 1.93
Graphite 0.79 0.03
PVA (binder) 0.44 0.91
Water 2.93 0.004
YSZ 2.63 59.11
Ethylcellulose 0.01 0.05
Terpineol 0.17 0.32
Ethylene glycol diethyl
ether (solvent)

1.58 2.97

Ethanol (solvent) 3.68 2.47
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Table A3
LCI of the ESB SOFC [6], including the associated GWP 100a impact.

Component Material Composition kg/100 kW GWP 100a
impact

Anode NiO-GDC NiO 10.94 133.04
CeGdO 5.89 218.74
Solsperse 3.87 7.28
Toluene 3.87 6.83
Ethyl alcohol
(ethanol)

3.87 2.60

Di-n butyl phthalate 1.35 2.53
polyethylene glycol 1.35 2.53
polyvinyl butral 1.18 2.44

AFL GDC GDC 0.03 0.01
Ethanol 0.003 0.002

Electrolyte 2 GDC GDC 0.34 0.72
Solsperse 0.08 0.15
Ethanol 0.08 0.05
Di-n butyl phthalate 0.03 0.05
polyvinyl butral 0.02 0.05

Electrolyte 1 ESB ER2O3 0.03 0.54
Bi2O3 0.14 2.97
Ethanol 0.04 0.03

Cathode ESB-BRO7 Bi2O3 4.90 107.67
RuO2·XH2O 2.80 61.85
ESB 5.13 309.77
Ethanol 2.95 1.98
Isopropanol 2.95 5.16
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