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Abstract. Battery storage systems are a crucial factor for the decarbonization of
energy systems, to balance the fluctuating energy generation of renewable energy
sources. However, some battery types have disadvantages regarding their envi-
ronmental impact, due to their material composition. Recently, sodium-nickel-
chloride (NaNiCl2) batteries are considered for a wider range of application,
especially for off-grid storage applications.

NaNiCl2 batteries offer several advantages: Due to the ceramic electrolyte the
battery has no electrochemical self-discharge. The batteries have a high tolerance
toward overcharging and deep discharging. The materials are not as expensive
and rare as materials for alternative battery types. Manufacturers state that both
discharge and charge operations are nearly independent of outside temperature.
Furthermore, the batteries are expected to have a lifetime of more than 15 years or
4,500 charging cycles. However, when in stand-by, the battery still needs a stable
temperature between 250 °C and 320 °C, to keep the electrodes in a molten state.
This is leading to a certain self-discharge, limiting the feasible applications of the
battery.

Facing these benefits and downsides of NaNiCl2 batteries, this paper aims
to analyse their ecological impacts based on a Life Cycle Assessment using the
example of greenhouse gas (GHG) emissions. It addresses the research question
whether NaNiCl2 batteries offer advantages compared to alternative battery types,
such as lithium-ion and lead-acid. The assessment is based on the analysis of a
Bill-of-Materials and implemented for the use-case of a solar mini grid in Tema,
Ghana. It considers two scenarios each regarding end-of-life (EoL) and battery
lifetime. Depending on the scenario, the GHG emissions of the NaNiCl2 battery
amount to 9.1 – 22.7 g CO2eq per kWh discharged and consumed, compared to
31.3 g CO2eq for lithium-ion and 122.1 g CO2eq for lead-acid batteries. The GHG
emissions of the whole mini grid are decreased by 32%, if NaNiCl2 batteries are
implemented, compared to a mini grid configuration based on a mix of NaNiCl2,
lead-acid and lithium-ion batteries.
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1 Introduction

To limit globalwarming to amaximumof 2 °C, it is fundamental to achieve zero-emission
energy generation by the middle of the century [1]. Even if the expansion of renewable
energies is not on the path to achieve net zero emissions by 2050, the expansion is
progressing faster than ever before. Another historically significant increase is expected
for the coming years [2]. The use of battery storage systems is unavoidable to achieve
a full transition to renewable energies, especially in off-grid or mini grid applications,
as they ensure an uninterrupted power supply, balancing the fluctuations of electricity
generation from renewable sources.

The application of batteries in solar-powered mini grids is particularly interesting
for the Sub-Saharan Africa region [3], as further described in the Sect. 2. Mini grids can
be defined as decentralized energy systems, consisting of a set of electricity generators,
which are supplemented by further technical equipment, storage capacities and distribut-
ing infrastructure. They cover the electricity demand of a certain defined local group [4,
5]. Battery storage systems enable intermediate storage of energy. Thus fluctuations in
energy generation from renewables can be balanced out and the demand can be met even
in the case of changing weather conditions [6]. They consist of different components;
including the battery, monitoring and control systems and power conversion systems [6,
7].

The battery storage systems predominantly used today - lithium-ion (li-ion) and
lead-acid batteries - are often criticized in terms of their negative environmental impact
(ref. Section 2). Even though the pioneer of today’s sodium-nickel-chloride battery was
developed already back in 1975, it did not achieve a mainstream breakthrough until
being manufactured for industrial applications in 2006 by MES-DEA in Switzerland [8,
9]. However, it holds high potential to be relevant in a future with scarce and increas-
ingly expensive resources, due to its abundant and low-cost component materials [8].
Moreover, the battery is characterized by its non-flammable, safe and recyclable com-
position [10]. Unlike other battery types, the NaNiCl2 battery is characterized by a high
tolerance toward overcharging and deep discharging. Furthermore, charge and discharge
are independent of the outside temperature, facilitating use-cases at higher temperatures
[11]. As the battery is kept at temperatures above 250 °C, additional energy is needed
for self-heating, lowering the overall energy efficiency in stand-by [12].

With the increasing demand for energy storage systems, research in the field of
NaNiCl2 batteries is growing at pace. In 2014 a Life Cycle Assessment (LCA) on
NaNiCl2 batteries was conducted by Longo et al. [13]. It was followed by a cradle-
to-gate LCA on the cell design of NaNiCl2 batteries, comparing planar and tubular cell
designs, making recommendations for eco design [14]. There have been some investi-
gations in terms of electric vehicles, comparing NaNiCl2 batteries with different battery
types [15]. However, operations and EoL of NaNiCl2 batteries was not in the focus of
previous studies or even excluded, e.g. by Longo et al. in 2021 [14]. Their previous
study from 2013 [13] included the operation of a NaNiCl2 battery but was not consid-
ering waste management, as a meta-analysis of existing LCA of battery technologies
studies points out [16]. Furthermore, the potential of using NaNiCl2 battery in off-grid
applications in Sub-Sahara Africa has – as far as known – not yet been explored.
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This paper analyses the environmental impact of a NaNiCl2 battery, comparing the
results with of li-ion and lead-acid batteries. It also includes the use-phase and the
EoL, taking a cradle-to-grave approach. Secondly, the paper evaluates the potential
environmental impact for the use-case of the “Don Bosco mini grid” in Tema, Ghana,
considering the energy demand for cooling or self-heating different battery types. The
environmental analysis and optimization of the Don Bosco mini grid is part of the
“MoNaL” project, funded by the German Federal Ministry for the Environment, Nature
Conservation, Nuclear Safety and Consumer Protection.

The paper is structured as followed: First, it presents the state of the art regarding
NaNiCl2 battery systems as well as the environmental impact and recycling of different
battery technologies. In addition, the use-case of the Don Bosco mini grid and its previ-
ous research is introduced. Afterwards, a LCA of the NaNiCl2 battery is conducted. It
measures the GlobalWarming Potential over 100 years (GWP100), comparing the results
with li-ion and lead-acid batteries. Moreover, the application of the NaNiCl2 batteries
in the Don Bosco mini grid in Tema, Ghana, is simulated by using a Generic Modell
GHG-LCA Modell of a smart Mini Grid [17] and compared to the current use of li-ion
and lead-acid batteries.

2 State of the Art

NaNiCl2 Battery
The NaNiCl2 battery is also known as ZEBRA (Zero Emission Battery Research Activ-
ities) battery [18]. Electrochemical reactions enable the battery to be charged and
discharged [11].

As indicated by the manufacturer, the considered battery has a usable capacity of
41 kilowatt-hours (kWh) and is composed of 140 tubular designed battery cells. The
battery has a modular design, which can be expanded with additional storage capacity
for larger scale applications. Figure 1 shows the modular structure of the battery. The
battery container consists of a frame of stainless steel with an insulation layer and a
ventilator. The module is placed inside the battery container. Besides the battery cells,
the module contains a battery management system (BMS), a heater, a frame - which
includes a positive and a negative terminal - and an additional insulation layer. The
insulation layers and the heater are essential to heat the battery cells to their operating
temperature of 250 °C to 320 °C. These numbers refer to the application in mini grids.
For further use-cases, the temperatures are slightly higher, as indicated in most literature
[11].

To better understand the electrochemical reaction and thus the charging process as
well as the structure of the battery, a schematic composition of a single battery cell is
illustrated in Fig. 2. It represents the positive outside design. The cells may be designed
with the positive and negative poles reversed. Since this does not affect the LCA, only
one option is listed here. The considered battery cells are tubular designed cells. Enclosed
by a housing (negative pol), the cell is composed of the following key elements:

• A negative electrode (anode), consisting of sodium (Na),
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Fig. 1. Structure of the analysedNaNiCl2 battery (Illustration based onmanufacturer information
and Hesse et al. [7]).

Fig. 2. Tubular designed NaNiCl2 battery cell (Illustration based on EASE [11], Sakaebe [18]
and Dustmann [19] and adapted to manufacturer information).

• a positive electrode (cathode) of nickel chloride (NiCl2), nickel (Ni) and sodium
aluminium chloride (NaAlCl4) as a liquid electrolyte

• a separator and electrolyte of β“- Alumina (Al2O3),
• and a current collector (negative pol) made of nickel coated steel.

At operating temperatures between 250 °C and 320 °C, theNaAlCl4 andNa are liquid
and thus the electrodes are in a molten state [11]. Furthermore, the separator reaches
a sufficiently high conductivity for sodium ions [20]. Charging the battery requires an
endothermic redox reaction and therefore high temperatures. The chemical reactions of
charging and discharging processes can be illustrated as in Fig. 3.
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Fig. 3. Electrochemical redox reaction, charging and discharging of the battery (Illustration based
on Sakaebe [18] and [20]).

To generate the energy required for the endothermic reaction, i.e. to heat the battery
cell to operating temperature and maintain it, some of the charged electricity is directly
used by the installed heater. Since the scope of the paper is specifically about the appli-
cation of NaNiCl2 batteries in a mini grid for storing electricity from photovoltaic (PV)
systems, we consider the use-case of charging process during the day and discharging
after sunset. This is further described in the section Use-Case: Don Bosco mini grid in
Tema.

The total efficiency of the battery - including the electricity for self-heating – is, as
specified by the manufacturer, at about 85%. It is therefore assumed that about 7.5%
energy loss occurs during charging and 7.5% energy loss during discharging. The loss,
which occurswhen the battery is discharged, has already been subtracted from the overall
capacity stated by the manufacturer. Hence, the usable capacity is 41 kWh. According to
the manufacturer, the battery still has about 80% of its capacity at the end of its lifetime.
It is assumed, that the battery has 100% capacity at the beginning, 80% at the end of its
lifetime, losing capacity linearly over time. The capacity loss factor is therefore 90%,
resulting in a life cycle usable capacity of 36.9 kWh.

Environmental Impact and Recycling of Different Battery Technologies
Under the current paradigm of sustainable development, end-of-life management forms
a crucial part of product design with a thought to the economic and ecological benefits
of secondary processes and material recouping [21]. Batteries generally have fallen prey
to the situation where disruptive technologies with multiple use-cases and high growth
rate in terms of market capture can become an environmental issue, if it has not been
designed with the facilities and technologies needed for recycling in mind [21].

In the case of li-ion batteries, their production requires the use of toxic and rare earth
materials [22]. Toxic gas emissions, which are released in the case of damage or fire, are
hazardous to human health [23]–[25], making recycling or reuse of components very
complex. Li-ion batteries cannot withstand large temperature fluctuations and suffer
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from high heat, which shortens their lifetime [22, 26]. The recycling of li-ion batteries
is hampered not necessarily by technology but rather by low collection rates [21].

The lead-acid battery -whosemarket dominance is being replaced by li-ion and in the
future by NaNiCl2 batteries due to its poor relative energy and power density - is still the
most dominant battery used inGhana and thusmerits examination. TheEoLmanagement
is complicated due to the increased air pollution in lead-acid battery recycling plants
[27]. Moreover, it poses risks to human health when processed in an informal manner
as it is the case in Ghana [28] [29]. However, recycling processes for lead-acid batteries
are well known with recycling rates reaching 100% in developed economies [30]. To
recycle a lead-acid battery, the case is crushed, allowing the sulphuric acid electrolyte to
escape. The lead electrodes are separated from the polypropylene casing and separated
by density. The lead is smelted, and the polypropylene can be reused in new casings. It
is economical to do so, due to the relatively high cost of lead. The process is efficient
due to the uniformity of the materials used and battery design [30, 31].

As mentioned earlier, the use of NaNiCl2 batteries is enhanced by the global avail-
ability of rawmaterials, which are by themselves non-hazardous [32]. However, batteries
in operation contain molten sodium, which poses a significant environmental risk [32].
Recycling processes for the recovery of materials from NaNiCl2 batteries are mainly
metallurgical in nature [32, 33]. Full recycling is possible and has been demonstrated in
practise with the resultant extraction of iron and nickel. As the required metallurgical
process steps are used in steel industry, the recycling can be performed by the next local
steel plant. Therefore, EoL treatment of NaNiCl2 energy storage devices is basically
collection, dismantling and transporting of components/waste streams to the next steel
processing facilities.

Although several recycling facilities exist in Ghana, few to none have the distinct
certification to conduct recycling activities; most are certified for the collection and
dismantling of e-waste [28]. It must be noted, however, that most e-waste is locally
treated by the informal sector through unapproved extraction methods, such as burning
and hand-dismantling. Less valuable components, whichmeans locals do not have access
to a ready market, are landfilled. It therefore comes down to the implementation of a
structured collection system, technology and environmental policies, to enable Ghana
achieve high levels of battery recycling [21, 28].

Use-Case: Don Bosco Mini Grid in Tema
In Ghana, 14.1% of the population had no access to electricity in 2020 [34] and access to
electricity did not guarantee a constant supply [35]. The electricity generation is mostly
based on fossil fuels, as 62% of the electricity from the national grid is generated by oil
and natural gas [36]. Diesel generators are as well widely used [35]. Off-grid solutions,
such as mini grids which are supplied by renewable energy, can satisfy the increasing
demand for electricity and ensure a low-emission and reliable power supply [37] [38].

The Don Bosco mini grid provides energy for the campus of the Don Bosco Renew-
able Energy Center in Tema, Ghana. Themini grid consists of five individual solar power
systems with different types of batteries installed on separate buildings on the campus.
These power systems are connected with a private three-phase distribution grid, enabling
them to inject and use energy from the mini grid as needed. The mini grid regulates its
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frequency on its own and is independent from the Ghana national grid. It is possible to
use energy from the national grid to charge the batteries of the mini grid.

The overall installed nominal battery capacity in the mini grid is 394.6 kWh. The
mini grid locations, their battery types and capacities are listed in the Table 1.

The nominal battery capacities of the installed lead-acid batteries are given for a
discharge time of 100 h and a discharge rate of C100. In solar applications, a discharge
in one night, thus a discharge rate of about C10 is common. Longer discharge rates
and higher autonomies are possible but often not used, due to the financial constraints
caused by oversizing the battery. Furthermore, the maximal depth of discharge (DoD)
of a battery must be taken into consideration, which further reduces the life cycle usable
capacity of a battery. In the Don Bosco mini grid, maximal DoDs of 90% are set for
li-ion and NaNiCl2 batteries, while a maximal DoD of 50% is set for lead-acid batteries.
The NaNiCl2 battery, which is installed in in the mini grid, is a different model than the
one considered in the LCA.

Considering a discharge rate of 10 h (C10) and the mentioned DoDs, the batteries
in the Don Bosco mini grid result in a total usable capacity of 233.34 kWh. However,
the installed li-ion batteries (LiFePO4) must be cooled. The electricity demand is 13.05
kWh per day. These efficiency losses are subtracted from the available capacity; thus, a
total of 220.29 kWh usable battery capacity is available.

In a previous paper, Stinder et al. [17] generated a generic LCA to design mini grids
as environmentally friendly as possible in terms of its GHG emissions. The result is
an Excel-based tool in which the user can scale different mini grid configurations. The
scalable parameters of the tool include battery type, number of batteries, number of other
components (e.g. inverter, PV modules, cable), component lifetime and power output.
The tool calculates the life cycle GHG emissions of the whole mini grid per consumed
kilowatt hour of electricity. It considers emission factors for li-ion and lead-acid batteries

Table 1. Mini grid locations, battery types and capacities.

Installation Battery
type

Nominal
battery
capacity
@ C100
[kWh]

Usable
battery
capacity
@ C10
[kWh]

Maximal
depth of
discharge
[%]

Life cycle
usable
battery
capacity
[kWh]

Lifetime
[charging
cycles]

Power room Lead-acid 174.72 131.52 50 65.76 1,500

Chapel Lead-acid 58.08 43.92 50 21.96 1,500

Provincial
house

Li-ion 30.80 30.80 90 27.72 3,000

Provincial
house

NaNiCl2 38.60 38.60 90 34.74 3,500

Hostel Li-ion 30.80 30.80 90 27.72 3,000

Canteen Li-ion 61.60 61.60 90 55.44 3,000

Total 394.00 337.24 233.34
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of 84 kg CO2eq and 69 kg CO2eq per kWh nominal battery capacity respectively. The
paper applied the tool in a case-study of a former configuration of the Don Bosco mini
grid including 72 lead-acid batteries.

3 Methodology

To measure and analyse the ecological impact of NaNiCl2 batteries along their life
cycle, we conduct a Life Cycle Assessment of a NaNiCl2 battery. The LCA is based on
the international ISO standards 14040 and 14044. Thereby, the LCA must include the
following stages: definition of goal and scope, life cycle inventory, impact assessment
and interpretation [39, 40].

Goal and Scope
The goal of the study is to analyse the ecological impact of NaNiCl2 batteries. In a next
step, the results shall be comparedwith li-ion and lead-acid batteries and their application
in the mini grid in Tema. Therefore, a cradle-to-grave analysis was conducted; including
the life cycle phases production, transport, use-phase and EoL.

Figure 4 illustrates the system boundaries of the LCA. The production phase is
divided into the manufacturing of materials (primary materials and energy are used)
and on-site manufacturing and assembly of the battery, where electricity is used. This is
followed by transportation, use phase and EoL. All steps produce emissions and require
energy as an input.

To investigate whether NaNiCl2 batteries have the potential to contribute to zero-
emission energy generation, the impact on global warming is particulary interesting.
Thus, the considered impact category is the Global Warming Potential over 100 years
(GWP100), measured – as defined by the IPCC - in carbon dioxide equivalents (CO2eq)
[41].

We reflect different functional units. Firstly,we consider one kWhof battery capacity,
where we relate the life cycle environmental impact of battery production, transport and
EoL to both, the nominal capacity and the life cycle usable battery capacity. The life cycle
usable capacity reflects efficiency losses due to heating and cooling as well as capacity
losses due to DoD and aging. Secondly, we consider one kWh consumed, indicating one
kWh of electricity output, which is discharged from the battery and consumed. The life
cycle environmental impact is related to the electricity output over lifetime, considering
battery lifetime, efficiency losses due to heating and cooling as well as capacity losses
due to DoD and aging. Due to the selected functional units, the NaNiCl2 battery can be
compared with li-ion and lead-acid batteries.

To calculate the GWP100 over the whole life cycle, the individual processes were
modelled with the software GaBi [42]. The exported results were used as an input for
the generic LCA model of Stinder et al. et [17].

Life Cycle Inventory
The paper is prepared with support of a battery manufacturer. Any relevant information,
such as a bill of materials (BOM) and manufacturing information, were shared with the



344 M. Nikolic et al.

Fig. 4. System boundaries of the conducted LCA.

authors. Additionally, first-hand data from the mini grid in Tema were used. Hence, the
quality of data can be considered as high.

Production
For the modelling of the production material composition, origin of the materials as
well as processing of the materials are taken into consideration. Table 2 illustrates the
aggregatedmaterial composition of the battery. In thematerial composition of the battery
container, fumed silica, SiC and SiO2 aremainly used for the thermal insulationmaterial,
while stainless steel is used for the frame. The largest share of the module’s weight,
21.26 kg, is the stainless steel frame. The aluminium alloy is used for the BMS. The
material "mica", known as glimmer, is the main component of the heater, which is
necessary to achieve the operating temperature range. The 140 battery cells are the
heaviest part of the battery with a weight of 344.21 kg. The separator, as illustrated
in Fig. 2, is made of ceramic (Al2O3), the sacrificial electrode is made of aluminium,
the melt of aluminium chloride and sodium chloride and the granulate is composed of
different powders, like sodium chloride and nickel powder.

Most materials, measured by weight, come from Europe, whereby 46% come from
Germany (DE), 24% from Switzerland and 24% from Great Britain (GB). 1% of the
materials originate in China (CN), for 5% the country of origin is not known. For the
modelling of the materials, we consider the respective electricity grid mix of the country
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from which the material originates, as well as country-specific processes for the raw
materials, depending on the availability in the GaBi database.

If processes or materials were not directly available in the database, we made rea-
sonable assumptions based on literature and information from the producer, which are
presented in detail below.

The insulation is provided by a vacuum insulation sheet. The core is made from
silicon dioxide powder and silicon carbide, which are mixed and pressed to form a sheet.
Together with fumed silica sheet the core is coated by a stainless steel foil. Afterwards
the whole sheet is vacuumized. Mixing, pressing and vacuumizing requires energy. A
LCA on vacuum insulation panels calculates an electricity demand of 1.0 kWh per m2

[43]. Based on a weight of 5.5 kg per m2, we calculate an energy demand of 0.106 kWh
per kg vacuum sheet.

The energy demand for the rolling of the nickel cell case is modelled according to the
energy demand of aluminium rolling, which requires 2.861 kWh per kg sheet. Ceramic
components are made from aluminium oxide powder, which is cold-isostatic pressed
(CIP) and sintered. The energy demand of CIP is - compared to sintering - negligible.
Energy demand for sintering is modelled with 2.0 kWh per kg according to Çavdar
[44]. When modelling the production of the glass paste, we estimated an thermal energy
demand of 1.291 kWh per kg according to Fleischmann [45].

For stamping and bending of the closing cap made from nickel and for the positive
electrode and the plug made from ferro-nickel, we consider an electricity demand of
0.049 kWh per kg as well as demand for compressed air and lubricating oil. For the
punching of the sealing ring made from ferro-nickel, an electricity demand of 0.005
kWh per kg and the use of lubricating oil are accounted. The melt of aluminium chloride
and sodium chloride is prepared by mixing and heating. We assume, it is melted in an
oven for 1h at 150 °C, resulting a thermal energy demand of 2.4 kWh per kg, according
to Hoppe et al. [46].

The granulate consists of several high quality powders. Nickel powder is produced
in a carbonyl process, which results in a nickel powder with high purity. Due to the lack
of data on the carbonyl process, we modelled the nickel powder process according to the
atomisation of high purity (>99.8%) nickel as described by Vardelle et al. [47]. Nickel
wires used in the process are made by a wiredrawing process with an electricity demand
of 0.38 kWh per kg for melting and 0.34 kWh per kg for drawing. The following pow-
derisation requires electricity of 0.38 kWh per kg for vacuum melting and 3.73 kg argon
for gas atomisation. As the carbonyl process offers potential advantages regarding the
energy demand and the usability of secondary material as input material, it is important
to further research the nickel powder production in the future.

The atomisation of 1 kg iron powder needs approximately 10 L of water under
pressure of 100 bar. Energy is required for melting, atomising and annealing of iron.
The thermal energy consumption in powder production was examined to be 2.1 kWh
per kg powder, according to Kruzhanov & Arnhold [48].

Aluminiumpowder is produced fromhigh purity aluminium, obtained by electrolysis
from aluminium oxide. Afterwards, the aluminium is atomised, requiring 2.25 kWh
thermal energy per kg and 12.5 kg Argon per kg, as stated by Faludi et al. [49].
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Table 2. Material composition of the battery.

Component Materials Weight

Battery Container Frame Stainless steel 13.41 kg

Insulation Fumed silica, stainless steel,
silicon dioxide (SiO2), silicon
carbide (SiC)

32.76 kg

Plate Stainless steel 0.25 kg

Sealing Rubber 0.01 kg

Screws Stainless steel 0.03 kg

Ventilator Stainless steel 0.09 kg

Total 46.54 kg

Module Mica Foil and Heater Mica, coating 3.88 kg

Frame Stainless steel, nickel (Ni),
PTFE, PE

25.13 kg

Insulation Fumed silica, stainless steel,
silicon dioxide (SiO2), silicon
carbide (SiC)

10.20 kg

BMS Aluminium alloy, stainless
steel, plastic, PCB

13.11 kg

Total 52.33 kg

140 Battery cells Cell case Nickel 56.20 kg

Ceramic components Aluminium oxide (Al2O3) 49.84 kg

Closing Cap Nickel (Ni) 1.12 kg

Glass paste Glass powder, water and more 0.39 kg

Granulate Nickel powder, sodium
chloride (NaCl), iron powder
and more

133.07 kg

Melt Aluminium chloride (AlCl),
sodium chloride (NaCl)

70.00 kg

Electrode Ferro-nickel 12.04 kg

Neg. And pos. Cell connector Steel 11.20 kg

Sacrificial electrode Aluminium 7.00 kg

Plug Ferro-nickel 0.28 kg

Sealing Ring Ferro-nickel 3.08 kg

Total 344.21 kg

Total Battery 443.08 kg
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Sodium fluoride (NaF) powder is prepared by neutralizing hydrogen fluoride acid
(HF) with sodium hydroxide (NaOH).

HF + NaOH → NaF + H2O (1)

According to the stoichiometric relationship it requires 0.33 kg HF and 0.67 kg NaF
to produce 0.3 kg H2O and 0.6 kg NaF. To produce 1 kg NaF 1.492 kg of solvent NaF is
needed. The water present in the solvent is then evaporated, requiring energy of 0.694
kWh per litre.

Sodium iodide (NaI) powder is produced by a reaction of sodium hydroxide (NaOH)
with iodine (I2).

6 NaOH + 3 I2 → 5 NaI + NaIO3 + 3 H2O (2)

The mass of the reactants required to produce 1 kg NaI is calculated based on their
stoichiometric relationship according to [50], who described the production of potassium
iodide. The overall water demand amounts to 0.8 kg per kg sodium iodide. Furthermore,
0.478 kWh thermal energy per kg and 0.012 kWh electricity per kg are required to
vaporize the resulting solvent and to operate a pressure filter. The GWP100 impact of
iodine is considered, based on a characterization factor provided by Gong et al. [50] who
calculated 4.66 kg CO2eq per kg iodine.

Further processing and manufacturing are assumed to be carried out at the produc-
tion site in Switzerland. Therefore, the factory specific electricity mix was considered.
Around 56% of the electricity demand is generated by the company’s own photovoltaic
systems and the remaining amount from the Swiss electricity mix. For this purpose,
the recent data sets were used in each case, with the electricity mixes from Switzerland
being from 2018.

Transport
The emissions resulting from the transport of rawmaterials to the factorywere calculated
first. Therefore, the transport from DE, GB and CH to the factory was calculated exclu-
sively via diesel trucks (EURO 0–6 mix). For the materials from China, the sea route
with a container ship from Shenzhen (CN) to the port of Genova (IT) was considered,
whereby the routes to the port in China and the routes to the factory in Switzerland are
also covered by diesel trucks. For the filling of the diesel trucks, country-specific diesel
mixes were chosen.

The transport of the final product to Ghana was also modelled by container ship,
with the first and last meters being covered by truck.

Use Phase
The use phase of the battery is characterized by charging and discharging. The most
important key indicator is how many kWh the battery discharges over its life cycle,
meaning how many kWh of stored electricity can be used by the consumer. The consid-
ered battery has a usable capacity of 41 kWh and a life cycle usable capacity of 36.9, as
explained in Sect.2.

The number of charging cycles and the lifetime of the battery are decisive for the
total amount of electricity provided. In this paper, a distinction is made between two
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Table 3. Lifetime assumptions of the battery.

Scenario 1 Scenario 2

Nominal capacity 44.32 kWh

Usable capacity 41.00 kWh

Life cycle usable capacity 36.90 kWh

Overall efficiency 85%

Capacity loss factor 90%

Charging cycles 4,500 3,500

Lifetime 15 years 10 years

kWh used over lifetime 166,050 kWh 129,150 kWh

scenarios. Scenario 1 assumes that about 4,500 charging cycles can bemade over a period
of 15 years. These assumptions are found in most literature [11]. Scenario 2 describes a
more conservative experience-based scenario, in which about 3,500 charging cycles can
be conducted over a period of 10 years. Table 3 summarizes the key numbers.

As already stated in Sect. 2, the battery does not need to be protected from external
temperature by air conditioning or any similar means. However, the heater consumes a
certain amount of the stored energy, which has already been subtracted from the overall
efficiency. In this paper, the use-case in the mini grid is explored and compared to the
use of li-ion and lead-acid batteries.

End-of-Life
As described in Sect. 2, there is no established recycling infrastructure for batteries in
Ghana today. However, nickel recycling could be feasible with steel industry existing in
Kumasi, Ghana. Therefore, two different scenarios are considered for the EoL treatment.

Scenario a: Shredding
For the first scenario, it is assumed the batteries are transported to a waste collection
centre in Accra, where they are dismantled and shredded. However, only metallurgi-
cal processes, which are common in steel industry, are necessary for the recycling of
NaNiCl2 batteries. Therefore, the shredding scenario is unlikely and only included in
the study to enhance comparability.

Scenario B: Recycling
Recycling refers to the further use of products or parts of products, which includes in
particular material recycling, i.e. the reuse/recycling of materials [51]. In the case of the
considered battery, the materials are not used for the production of new batteries after
their EoL, but they are returned to the market and reused there. In the case of nickel for
example, it is reused in the stainless steel industry [19]. Accordingly, it is an open-loop
recycling, which is characterised by the fact that recycled materials from one product
system are used in another product system and that the recycled material is modified in
its inherent properties [40, 51].
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Fig. 5. Extension of system boundaries for EoL scenario 2 (Illustration and method based on
Accardo et al. [15] and European Commission [52]).

The EoL option "recycling" in this study is modelled accordance with ISO 14044. It
is based on the physical properties (mass) and does not consider economic values. For
the recycling model, a system expansion is conducted, i.e. the system boundaries are
shifted and include further product systems. The system expansion is implemented by
counting credits for the utilization of the recycled materials in further product systems.
As shown in Fig. 5, the recycling scenario includes transport, recycling processes and
further disposal of the used battery. For the transport of the used battery to the recycling
facility, fuels are used for truck and containership.

Credits are given for the second lifetime of the materials – used in another product
system – and thermal energy and electricity recovered from the incineration process
of plastics. While credits are given for the second use of the material and the energy,
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Fig. 6. Dismantling and recycling of the battery (Illustration based on European Commission
[52]).

CO2eq emissions resulting from the transport as well as the energy and resource demand
for the recycling process, shredding and incineration process are also considered. We
modelled that the batteries are transported to the steel industry in Kumasi, Ghana. For
simplification, it is assumed that battery cells as well as the battery container and the
module can be recycled there.

As there are very few studies about the recycling of NaNiCl2 batteries, information
provided by themanufacturer, by papers fromDustmann [19] andGalloway&Dustmann
[53] are used to model the recycling of the battery. Figure 6 gives an overview on the
dismantling and recycling process of the battery. In a first step, the battery cells are
dismantled from the battery container and the module.

In our study, the main focus within the recycling of the battery cell is on nickel
extraction [19, 53]. By heating the battery cells in submerged arc smelting furnace, the
nickel can be extracted and used for stainless steel production. A slag, consisting of the
ceramics, sodium and further leftover materials, remains, which can be used to replace
limestone in road construction [53]. Submerged arc furnaces require a significant amount
of electricity [54], which is included in the modelling of the recycling process.

The nickel makes up 128.76 kg, which are around 37% of the weight of the 140
battery cells (and 29% of the weight the total battery). According to the manufacturer
around 95% of the nickel can be brought back to the market and a second lifetime in
stainless steel industry can be established. By bringing the nickel back to the market,
primary nickel is substituted. To calculate the recycling credit for nickel the following
calculation is conducted.

The amount of replaced primary nickel material in a further product system (stainless
steel production) is calculated by

0.95 ∗ 128.76 kg = 122.33 kg. (3)

To calculate the recycling credit for the nickel, let ENi be the GWP100 for primary
nickel extraction for the 122.33kg, EEn be the GWP100, generated by the energy demand,
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required in the recycling process of the battery cell, and ETr be the GWP100 of the trans-
port to the recycling facility. Let also RCNi be the recycling credit for nickel recovery.
Then the following

RCNi = ENi − EEn − ETr (4)

applies.As the remaining slag is used in street construction as a replacement of limestone,
the quality and purity of the material changed. Therefore, the recycling credit of the slag
(RCSlag), is calculated by:

RCSlag = ELi (5)

whereby ELi is the GWP100 for 221.89 kg of primary limestone production. EEn and
ETr are not included in this recycling credit calculation, as they are already subtracted
from the recycling credit for nickel. Furthermore, it is important to notice that GWP100
for limestone for construction is significantly lower than the former composition of the
materials for the battery cell – keeping the credit for the usage of the slag small.

Inserting and calculating, results in

RCNi = 1, 064.88 kgCO2eq (6)

and

RCSlag = 1.15 kgCO2eq. (7)

As the transport of the battery is already included within the nickel recycling credit
the transport will be neglected in the following paragraphs, to avoid double-counting.
For the battery container and the module, it is assumed that stainless steel parts and SiO2
are separated and prepared for recycling. As indicated in the publication on Advances
in ZEBRA batteries [19], these materials are recycled and brought back to the market.

To determine the recycling credit for stainless steel recycling (RCSt), a paper from
the Fraunhofer Institut IMWwas considered [55]. By bringing stainless steel back to the
raw material market, 4.3 kg CO2eq can be saved per kg recycled steel [55]. As 45.27 kg
stainless steel are contained in the battery’s container and module, RCSt is calculated,
as follows

RCSt = 45.27 kg ∗ 4.3 kgCO2eq/kg. (8)

Hence, a credit of 194.65 kg CO2eq is given for stainless steel recycling.
12.4 kg SiO2 are comprised in the battery container andmodule. The recycling credit

for SiO2 recovery is indicated as RCSiO2. As few data could be found on the recycling
of SiO2, a process for melting and conditioning glass with a share of 59% quartz was
chosen as an approximation to simulate the necessary energy for the recycling process.
By subtracting the emissions generated by the simulated process from the GWP100 for
the extraction of primary SiO2 - which is to be replaced in a further product system - the
following value is obtained

RCSiO2 = 142.68 kgCO2eq. (9)
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Furthermore, it is assumed that remaining plastic (0.53 kg) is incinerated. Therefore,
corresponding waste incineration processes are selected in GaBi and credits resulting
through upcoming thermal energy are taken into account. The overall emissions from the
incineration (incl. The subtraction of credits given to regaining energy) are summarised
in the factor EIn. Likewise, emissions coming from shredding all leftover components
with a mass of 34.24 kg, are defined by the factor ESh.

This results in a total recycling credit of

RC = RCNi + RCSlag + RCSt + RCSiO2 − EIn − ESh. (10)

By entering the values, the sum makes up a total recycling credit of 1,401.76 kg
CO2eq.

4 Results

Corresponding to last two stages of the LCA methodology, this section presents the
impact assessment and interpretation. This includes the depiction of the calculated
GWP100 of the analysed NaNiCl2 battery for the different life phases and components.
Furthermore, we compare our results to the GWP100 of li-ion and lead-acid batteries.

The overall GWP100 caused by production, transport and EoL of the battery amounts
to 2,931 kg CO2eq (Scenario A). If we consider credits for the recycling, as described
in the previous section, this results in a reduction of the GWP100 by 48%, thus 1,516 kg
CO2eq (Scenario B).

The absolute emissions over the battery lifetime are related to the functional unit one
kWh electricity discharged and consumed, which is shown in Fig. 7. In Scenario 1-A,
assuming a lifetime of 4,500 charging cycles, the battery causes 17.7 g CO2eq per kWh
consumed. This can be reduced by 48% if we consider recycling credits, resulting in a
GWP100 of 9.1 g CO2eq per kWh consumed. Scenario 2-A results in a 29% increased
GWP100 compared to scenario 1-A due to the shorter battery lifetime of 3,500 charging
cycles. In all scenarios the production phase contributes the majority of GWP100, e.g.
98% in scenario 1-A.

Production Hot-Spots
Because of the high impact of the production phase, we examine the individual com-
ponents and materials in more detail to identify hot-spots. Figure 8 depicts the share in
weight and GWP100 of the three major battery components. The components account
for approximately a similar proportion of the GWP100 as they do for the total weight
of the battery. The largest share of 75% is caused by the battery cells, which we will
present in more detail below. The majority of the GWP100 of the battery cell is caused
by the production of the granulate (43%) and the cell case (35%) as shown in Fig. 9.

Major contributor within the granulate is the nickel powder. On the one hand it
has a major weight share of 48% within the granulate and on the other hand it has a
relatively high emission factor of 13.7 kg CO2eq per kg nickel. The aluminium powder
also causes relatively high specific emissions of 9.8 kg CO2eq per kg aluminium, but
it has a relatively low weight share in the granulate. Together nickel and aluminium
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Fig. 7. Global Warming Potential of the analysed NaNiCl2 batteries per kWh consumed for
different scenarios regarding lifetime and EoL.

powder account for 98% of the GWP100 of the granulate. Similarly, the driving factor
of the GWP100 of the cell case is the use of nickel as a material.

Comparison with Alternative Battery Types
To classify the results shown, we now compare them with the GWP100 of alternative
battery technologies. Therefore, we choose the functional units one kWh nominal battery
capacity, one kWh life cycle usable battery capacity and one kWh consumed as described
in Sect. 3. The GWP100 for lead-acid and li-ion (LiFePO4) batteries were obtained from



354 M. Nikolic et al.

Fig. 8. Share of battery components in Global Warming Potential and weight.

the generic LCA model provided by Stinder et al. [17]. In this study, the GWP100 was
calculated with the GaBi software and database.

Figure 10 compares the GWP100 of the three battery types per nominal and life cycle
usable battery capacity. The comparison of GWP100 per nominal battery capacity shows
thatNaNiCl2 batteries cause a 50% lowerGWP100 per kWh than lead-acid batteries in the
best case, i.e. with a long lifetime and the implementation of recycling. In comparison
to li-ion batteries, the GWP100 is even 59% lower. However, if recycling cannot be
implemented and we consider a shorter lifetime of 3,500 charging cycles, NaNiCl2
batteries have a similar GWP100 per kWh like lead-acid batteries. Still, they would
cause 22% lower emissions than li-ion batteries.

Now we compare the GWP100 per kWh of life cycle usable battery capacity, con-
sidering efficiency losses due to heating and cooling as well as capacity losses due to
DoD and aging. The impact of the lead-acid battery is 183 kg CO2eq per kWh life cycle
usable battery capacity, compared to 69 kg CO2eq per kWh nominal battery capacity.
When comparing the life cycle usable capacity, the NaNiCl2 battery has a 78% lower
impact than the lead-acid battery in the best case and still 57% lower impact in the worst
case. This is because lead-acid batteries have a lower DoD and therefore a lower usable
capacity than NaNiCl2 and li-ion batteries. Compared to li-ion batteries, the GWP100
per usable capacity of the NaNiCl2 battery is 56% lower in the best case and 15% lower
in the worst case.

Figure 11 depicts the GWP100 of the different battery types per kWh consumed,
considering the electricity which can be discharged from the battery over its lifetime,
taking into account efficiency and capacity losses. In the best case, the NaNiCl2 battery
has a 93% lower GWP100 than the lead-acid battery and a 71% lower GWP100 compared
to the li-ion battery. In the worst case, the NaNiCl2 battery still causes a 81% lower
GWP100 than the lead-acid battery and 27% lower emissions than the li-ion battery. The
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Fig. 9. Share of cell components in Global Warming Potential and weight.
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comparatively high GWP100 of lead-acid batteries is due to their low usable capacity
and short lifetime of 1,500 charge cycles compared to alternative battery technologies.

Use-Case: Don Bosco Mini Grid
The previously presented comparison with alternative battery types does not fully reflect
their impact within application. Therefore, we will compare different configurations of
the Don Bosco mini grid with various battery types below, based on the generic LCA
model for mini grids of Stinder et al. [17]. Thereby, we also consider further mini grid
installations like PV modules or inverters. The functional unit is one kWh of discharged
and consumed energy. For the NaNiCl2 batteries we consider the GWP100 of scenario
2-Bwhich includes credits for recycling but assumes a shorter lifetime of 3,500 charging
cycles.
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Fig. 11. Comparison of Global Warming Potential of different battery technologies per kWh
consumed. The GWP100 of lead-acid and li-ion batteries is obtained from Stinder et al. [17].
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Fig. 12. Comparison of GlobalWarming Potential of electricity supply options in Ghana per kWh
consumed. In use-case 3 37.6% of usable battery capacity is provided by lead-acid, 47.5% by li-ion
and 14.9% by NaNiCl2 batteries. The GWP100 of lead-acid and li-ion batteries is obtained from
Stinder et al. [17]. The emission factor for the Ghanaian electricity mix is calculated according
to the IGES List of Grid Emission Factors [56], for the Diesel generator it is based on German
Environmental Agency [57].
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The first use-case considers a hypothetical usage of onlyNaNiCl2 batteries to replace
all batteries in the Don Bosco mini grid. Considering a life cycle usable capacity of
36.90 kWh, 5.97 of these NaNiCl2 batteries would be needed to replace the current
usable battery capacity of 220.29 kWh. Under scenario 2, assuming a NaNiCl2 battery
lifetime of 10 years and roughly 3,500 cycles, 14.9 batteries are needed during the mini
grid lifetime of 25 years. The first use-case results in a GWP100 of 49 g CO2eq per
kWh. In the second use-case, we consider the use of 15.9 li-ion batteries, each with a
life cycle usable capacity of 13.86 kWh to replace the current available battery capacity,
calculating a GWP100 of 58 g CO2eq per kWh.

The third use-case analyses the actual configuration of the mini grid, as presented
in Sect. 2, including 72 lead-acid batteries, eight li-ion batteries and one NaNiCl2.
This results in a GWP100 of 71 g CO2eq per kWh. A fourth use-case considers the
hypothetical usage of only lead-acid batteries to replace all batteries in the Don Bosco
mini grid. Considering a life cycle usable capacity of 1.37 kWh per lead-acid battery,
160.8 batteries would be needed to replace the current usable battery capacity, resulting
in a GWP100 of 92 g CO2eq per kWh.

Figure 12 compares the GWP100 of the different mini grid configurations to the
Ghanaian electricity gridmix and a diesel generator. All mini grid configurations achieve
a significant emission reduction compared to the Ghanaian grid mix and the diesel
generator. The first use-case, a mini grid based solely on NaNiCl2 batteries, reduces the
GWP by 89% in comparison to the Ghanaian grid and by 97% compared to the diesel
generator. The third use-case, the mixed mini grid configuration, reduces the GWP by
84% compared to the grid mix and by 96% compared to a diesel generator. Compared
to the third use-case (mixed configuration) the first use-case (only NaNiCl2 batteries)
reduces the GWP100 by 32%.

5 Conclusion and Discussion

In this study, we determined that the GWP100 of NaNiCl2 batteries is 9.1 g CO2eq per
kWh consumed in the best case, when the battery has a long lifetime of 4,500 charging
cycles and nickel, steel and silicon dioxide are recycled at EoL. Our worst case, i.e.,
assuming a 22% shorter lifetime and no recycling, results in a GWP100 of 22.7 g CO2eq
per kWh consumed. The GWP100 of the production phase of the NaNiCl2 battery is
dominated by nickel materials. Therefore, nickel recycling offers great added value in
terms of the environmental impact of NaNiCl2 batteries and should be enforced and
incentivized by policy measures.

Overall, we could highlight that NaNiCl2 batteries could decrease the GWP100 per
kWh consumed over lifetime by up to 93% compared to lead-acid and up to 71% com-
pared to li-ion batteries. The major advantages compared to lead-acid batteries can be
attributed to a longer lifetime and a higher usable capacity. A further advantage of
NaNiCl2 batteries compared to li-ion and lead-acid batteries is a lower consumption of
toxic and rare materials. This not only improves the recyclability of NaNiCl2 batteries,
but also simplifies their production. Thus, manufacturers of NaNiCl2 batteries state that
the setup of production facilities requires lower investment costs than for li-ion batter-
ies and could already be competitive even with small-scale production. Unlike li-ion
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batteries, NaNiCl2 batteries do not require “giga-factories”. Therefore, it would also be
feasible to produce the batteries directly in the country of use.

However, at presentNaNiCl2 batteries still have higher costs than li-ion and lead-acid
batteries. The economic advantages can only be realized with upscaling of production
capacities. In addition, NaNiCl2 batteries are not suitable for all applications. The charg-
ing current of NaNiCl2 battery is limited by the endothermic charging reaction. While
li-ion batteries can be charged with a current of 0.5 C, NaNiCl2 batteries need to be
charged with a current of about C 5, otherwise the temperature of the cell could cool
down below the minimal operation temperature. This makes them unsuitable for fast
charging. Discharge currents between li-ion and NaNiCl2 batteries are similar. Overall,
when selecting the optimum battery technology, it is always necessary to consider other
parameters, such as the battery’s energy density, weight, and volume, as well as the
requirements of the use-case. Mobile applications in vehicles, or stand-by applications
for example, require different battery characteristics than the analysed use-case in a mini
grid.

Further research on the environmental impact of NaNiCl2 batteries should focus
on additional impact categories, like depletion of resources as well as human and eco
toxicity, to validate their advantages compared to alternative battery types. Additionally,
it would be valuable to assess their costs and recyclability in detail. To improve the
reliability of our conducted LCA, we recommend researching the recycling of NaNiCl2
batteries based on a financial allocation in the future. Furthermore, uncertain parameters
like battery lifetime should be analysed in a further sensitivity analysis. Moreover, a
validation of data on energy demand in manufacturing would be valuable. Especially
the carbonyl process to produce nickel powder offers potential advantages regarding the
energy demand and the usability of secondary material as input material and should be
further investigated.

The Laboratory for Sustainable Technologies plans to research further applications
of the NaNiCl2 batteries, e.g. in urban solar-based charging infrastructure for mobility.
Within a real-world laboratory, part of the research project SCiSusMob, different charg-
ing infrastructure options with batteries are to be tested. The aim is to collect data for
their ecological, technical, and economic evaluation and optimization. The results of the
conducted LCA will also be used in the MoNaL project, in which the Don Bosco mini
grid is researched and optimized.
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