12 (2021) 100116

Contents lists available at ScienceDirect

International Journal of

thermofluids

International Journal of Thermofluids

ELSEVIER journal homepage: www.sciencedirect.com/journal/international-journal-of-thermofluids

Check for

Comparative environmental life cycle assessment of conventional energy [
storage system and innovative thermal energy storage system

Borbala Rebeka David “, Sean Spencer “, Jeremy Miller “, Sulaiman Almahmoud ?,
Hussam Jouhara ™"

& Spirax Sarco Engineering PLC, Cheltenham GL51 9NQ, United Kingdom
Y Heat Pipe and Thermal Management Research Group, College of Engineering, Design and Physical Sciences, Brunel University London, UB8 3PH, United Kingdom

ARTICLE INFO ABSTRACT
Keywords: As policies have been implemented globally to limit the production of greenhouse gases (GHGs) and the effects of
Thermal energy storage climate change, the generation of electricity by renewable technologies has started to increase. The development

Lithium iron phosphate battery
Life cycle assessment
Terrestrial ecotoxicity
Environmental impacts

of sustainable energy storage solutions has also become more important. The continued use of conventional
chemical batteries presents environmental issues such as heavy metal pollution and the use of unsustainable
resources.

An environmental Life Cycle Assessment (LCA) has been conducted to analyse the environmental impact of an
innovative Thermal Battery (TB) and was compared with the impact of a Lithium Iron Phosphate Battery (LIPB)
using a “cradle-to-gate” approach to establish the system boundaries. The study used the findings from existing
literature to determine the environmental impact of the LIPB. The life cycle inventory for the TB was constructed
based on a model and available literature. In this regard, the two products were compared on 10 impact cate-
gories, and the results indicated that the TB performed better in 8 categories on average. The highest impact
observed from the TB was in terrestrial ecotoxicity, where it emitted above 7000 times more than the LIPB,
amounting to approximately 0.0153 after normalisation. The highest normalised environmental load in the study
was indicated to be in the category of marine ecotoxicity by the LIPB at 0.27, which was significantly higher than
any load for the TB. Overall, the results obtained are encouraging for the TB, but it is recommended that a field
study is completed to verify the assumptions made in this paper and to achieve a better comparability with
studies conducted similarly.

produced by coal, oil and gas combined for two consecutive months [4,
5]. The reduction in fossil fuel consumption within the UK forms part of
a progression towards a low carbon economy with zero net GHG emis-
sions by 2050, as per the Climate Change Act. Similar trends are being

focused legislation has shifted the focus for scientists and engineers to- observed globally, such as the Kyoto protocol, which is a global legal
wards more climate-neutral solutions. In this regard, many countries agreement for industrialised countries to significantly reduce emissions.
around the world have started collaborative projects to combat the ef- The binding global agreement further pushes industries to develop and
fects of climate change caused by Greenhouse Gases (GHGs) and harmful install technologies, in a bid to meet emission targets.

carbon dioxide emissions [1]. For instance, the Paris Agreement is the The influence of legislation accelerates the development and the
first legally binding global agreement of its kind, which has been signed demand for climate-neutral solutions, for both existing and novel tech-
by almost 190 parties and influences the participating countries’ inter- nologies. With the increase in electricity generation via renewable
nal policies considerably such as the European Green Deal [2,3]. technologies, the need for sustainable storage methods is of great
Another significant driver for the development of sustainable energy importance.

storage is the increasing proportion of renewable energy generation. In In general, energy storage solutions can be classified in the following
2019, the UK generated 37% of its electricity using renewable resources, solutions: electrochemical and batteries, pumped hydro, magnetic,
and in Q3 of the same year, they exceeded the amount of energy chemical and hydrogen, flywheel, thermal, thermochemical,

1. Introduction

Climate change and the implementation of new environmentally
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Nomenclature

Acronym description

TB thermal Battery

LIPB lithium Iron Phosphate Battery
NMP n-methylpyrrolidone

PVDF vinylidene fluoride homopolymer
CMC sodium carboxymethylcellulose
SBR waterborne styrene-butadiene latex
LCA life Cycle Assessment

FU functional Unit

compressed air, and liquified air solutions [6-8]. The most common
solution of energy storage for heating applications is thermal storge via
sensible and latent heat storage using phase-change materials (PCMs),
and thermochemical storage [9-11]. It should be noted that thermal
energy storage contributes to peak shaving [12]. Furthermore, latent
heat storage offers larger heat storage capacity than sensible storage.
However, one of the main issues with latent heat storage by PCMs is its
low thermal conductivity which limits expanding its application [13].
Another solution for latent heat storage is using a steam accumulator
coupled with direct steam generator solar-based systems [14]. In addi-
tion, the utilisation of steam accumulator in solar-based heat recovery
addresses the issue of the mismatch between the steam production and
demand rates and the intermittent solar irradiance [15].

Moreover, the current technologies for electrochemical storage are
split into two main branches: capacitors and batteries, as shown in
Fig. 1. Capacitors are a suitable alternative to batteries, by offering high
efficiencies and an increased lifespan. The downfall of the capacitor lies
within the capacity, as batteries can store 30 times more charge per unit
per mass in comparison to a capacitor [16]. Although unsuitable for
large scale applications, the application of capacitors has been applied in
small-scale energy recovery such as nanogenerators [17], energy har-
vesting via vibrations [18], and piezoelectric technology. The applica-
tion of capacitors has been investigated in personal electronic devices to
reduce the application of batteries and the dependency of using a wired
electricity supply to charge a personal electronics device.

However, the role of batteries has been widely noted in energy
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storage systems, with usage in multiple applications and integration
within renewable technology systems [19,20]. A study conducted by
Dhiman and Deb [21] shows the addition of a lithium ion based battery
energy storage system to create a hybrid wind farm. The study investi-
gated the optimisation of a wind farm turbine to improve the battery
charge and discharge cycle. A key point to note from the study was the
improved dynamic load due to the reduction of wake zones. The overall
outcome of the study highlighted that the life span of the system
increased by 12.6% and the study extended the cradle-to-grave design
principle whilst maximising the output of the system.

A similar combination of technologies was investigated numerically
by Yuan et al. [22]. The study investigated the addition of a battery
energy storage system, to level the power mismatch as a result of the
power fluctuations produced by a wind farm. The study presents the
addition of a dual battery energy storage system to eliminate incomplete
charge and discharge cycles experienced by a single unit battery energy
storage system. By allowing complete charge and discharge cycles, the
lifespan of the battery system is significantly increased and down time
due to maintenance and wastage caused by frequent replacement of
batteries is minimised. The outcome of the study shows the potential
lifespan of the system being 832 weeks (16 years), although the study
shows a further potential for optimisation via LCA analysis. The study
could be taken further by including a thermal management system to
prolong the lifespan to match the windfarm lifespan (20 years).

By limiting the mismatch between energy cycles, the amount of
curtailed energy is reduced considerably, but optimisation still has not
been fully achieved. Siddique and Thakur [23] presented a study on
harnessing curtailed energy from wind farms by proposing mobile bat-
tery storage systems. The study highlighted an interesting point by
stating that approximately 400GWh of curtailed wind energy is avail-
able in Germany per year, showing the potential for wind energy but
also the need for a suitable storage system. The study was conducted via
MATLAB Simulink to calculate the potential of mobile battery units, as a
replacement for fossil fuel-based generators. The investigation
compared an off-grid single unit battery with an estimated consumption
of 1500 kWh against a diesel-based generator. The results showed that
1.13 GWh of curtailed energy was generated within 22 h but for the
purpose of transportability, the results indicate the viability to charge a
1.5 MWh battery. The study compared relative environmental factors
and highlighted a potential saving of 8.4 million tonnes in carbon
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Fig. 1. Overview of electrochemical storage technologies.
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dioxide emissions.

The use of battery energy storage systems has been branching out
into hybrid systems, consisting of tidal, solar and wind, in a single
network. The combination of wind, tidal and battery energy storage
systems has been numerically investigated by Mousavi [24]. The study
investigated the viability of an integrated system to provide energy to
remote locations such as coastlines. The research suggested a framework
to integrate both systems without the need for additional converters and
controllers. The associated results highlight the successful theoretical
integration of both technologies whilst satisfying the current economic
investment in renewable technologies. In reality, the combination of
tidal and wind energy networks highlights the potential problem in
environmental impact and LCA analysis. As each technology is a sepa-
rate entity, the life cycle of each technology differs and this mismatch
can lead to an increase in replacement parts which can compound into
larger carbon footprints [25,26]. Luerssen et al.[27]. studied the life
cycle cost (LCC) of a PV-powered buildings with off-grid cooling system
with thermal energy and battery storage. It was concluded that the
batteries could reduce the LCC around 17% compared to a
diesel-powered generator.

It is evident that the use of batteries enhances the potential of
renewable technologies and solves a number of issues, such as power
disparities, and actively reduces carbon dioxide emissions, but certain
issues have not been addressed. The continued use of conventional
chemical batteries presents further significant environmental issues,
such as the consumption of resources, the method of production and the
use of heavy metals [20,28,29]. Furthermore, the vast extraction of
batterie raw materials and recycling processes are intensive energy and
water processes [30]. As a result, there are additional negative impacts
on the environment due to the expansive usage of chemical batteries
[30].

The reality of batteries needs to be considered and investigated
objectively from economic and environmental perspectives. The inves-
tigation needs to compare the level of emissions produced during
manufacture and the reduction in emissions as a result of their appli-
cation in battery energy storage systems. The use of batteries needs to be
considered, as the lifespan and discharge cycles change with time.
Various factors such as fast discharge conditions, thermal runaway, high
current rates and unsuitable operating conditions can impact the effi-
ciency, usability and output of the batteries [31,32]. In this regard, the
influence of temperature in relation to the operation and performance of
the cells has been widely noted in literature. The effect of temperature
has a significant impact on the capacity and output efficiency from
batteries. A study conducted by Jouhara et al. [33] presents a novel
method to improve the efficiency of battery packs. The study highlights
the design of an innovative thermal management technique using heat
pipe technology, to form a base mat structure as shown in Fig. 2. The
developed heat pipe was tested with an automotive lithium ion battery
pack. The premise of the study involved the charge and discharge of the
battery pack, to mimic real time operation and the associated thermal
variations across the battery. The role of the heat mat aimed to cool the
battery pack to the optimum operating temperature to maximise the
efficiency and life span of the battery. The results from the study showed
the successful cooling of the battery pack to maintain the optimum
operating conditions. The study indicated the potential of maximising
the life span of a battery whilst reducing the production of replacement
batteries.

It is widely noted in many studies that the different chemical com-
positions of batteries offer different performance characteristics [34,
35]. Nevertheless, waste heat generation from cells has been described
as a major problem, as it is linked to several issues related to lifespan and
capacity loss [36]. For instance, as concluded by Amine et al. [37], the
chemical reaction which occurs in the LiFePO4 electrode and the gen-
eration of high temperature is directly related to the dissolution of Fe?*
and the subsequent loss of capacity and life of the battery. Moreover,
Song et al. [38]observed in a study, that batteries which are operating at
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Fig. 2. Heat mat battery thermal management assembly [33].

high temperatures will degrade faster by nearly 25%. This subsequently
makes the battery less effective in terms of efficiency when charging and
discharging at a high rate.

Having considered chemical batteries and the need for an appro-
priate thermal management technique to increase their life expectancy
and effective output efficiency, it is found that the use of thermal
management techniques directly impacts the size of the carbon footprint
of the life cycle of the battery. In this regard, several studies have been
conducted to calculate the environmental impact of different types of
batteries by conducting Life Cycle Assessments (LCAs). LCA is described
as a methodology to assess the environmental impacts associated at all
stages of a product life cycle [39]. By performing an LCA, the advantages
or disadvantages of producing a certain type of product and the effect on
the environment can be evaluated and compared with other technolo-
gies. Fig. 3 graphically illustrates the procedure of conducting LCA based
on two scenarios of producing batteries, one is a recyclable scenario and
the other is a non-recyclable scenario.

For instance, Yajun [41] conducted an LCA and discovered the
toxicity impact of lithium-ion, nickel metal hydride, nickel cadmium
and lead-acid batteries on human health. Zackrisson et al. [42]
demonstrated the environmental impact of lithium-ion batteries used in
electric vehicles, in comparison to two other solvent battery types,
through performing an LCA. Majeau-Bettez [43] investigated several
different impact categories by developing a comparison between nickel
metal hydride, nickel-cobalt-manganese-lithium-ion and iron phosphate
lithium-ion batteries in different functional units. Messagie et al. [44]
investigated the availability and demand of lithium, and then consid-
ered the environmental performance of a lithium manganese oxide and a
lithium iron phosphate battery through performing an LCA and by
comparing the results obtained for the two technologies. In this study, it
was concluded that the applicability of the batteries directly depends on
the efficiency and the energy output provided by the technology.

It is widely noted, that performing an LCA not only helps to inves-
tigate the environmental impact of a product but also allows the
investigation of other state-of-art technologies and what they can offer
[45,46]. There are several studies which have provided a direct com-
parison of LCA and environmental impact between two different types of
energy storage systems. This paper investigates the environmental life
cycle analysis of an innovative thermal battery (TB) developed by Spirax
Sarco Engineering Ltd. The innovative thermal battery designed to store
thermal energy generated by an electrical heater. Furthermore, the LCA
of the TB was compared with a conventional electric battery, more
specifically a lithium iron phosphate battery (LIPB).
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2. Methodology

As defined by the International Standard ISO 14,040 [47], LCA
consists of goal and scope definition, inventory analysis, life cycle
impact assessment and interpretation phase. The life cycle assessment
was carried out using the open-source openLCA 1.10.3 software and the
also open-source ELCD 3.2 database.

2.1. Thermal battery description

Spirax Sarco Ltd in conjunction with their sister company Chromalox
Inc have invented a new type of thermal store that stores heat generated
by an immersed electrical heater as high pressure hot water in an well
insulated vessel. For the purposes of this paper this approach has been
given the working title and generic name “Thermal Battery” (TB)

When heat (or steam) is required from the TB, steam is taken from
the ullage (gas) space of the vessel and used directly as steam or indi-
rectly through a heat exchanger to interface with a “wet” heating system
and/or a domestic hot water system. Condensed steam is returned to the
vessel. As heat is withdrawn the pressure gradually lowers until the TB is
completely discharged. The TB is re-charged by the water immersed
electrical heater which can utilise renewable electricity such as wind
power or solar PV directly or in addition/alternatively can connect to
the grid to harvest renewable low-cost electrical power when available.
The TB can be discharging heat and be charged simultaneously allowing
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its use to be flexible for many diverse situations. In addition, it acts as a
buffer storage. The basic principles of the TB is illustrated in Fig. 4.

2.2. Goal and scope

Based on the International Standard ISO 14,040 [47], the goal and
scope definition phase describes the overall aims and objectives of the
study being conducted. It also provides a picture of the boundaries and
functional units which will be investigated. The aim of this comparison
is to identify the environmental impact of the TB and compare it with
that of the LIPB to assess its environmental competitiveness against
traditional chemical battery. The outcome of this research can be used
internally for the business case to aid decision making and for external
use. The findings of the study are limited, as an analysis of the actual
manufacturing process for the TB has not been conducted yet. The
construction of the life cycle inventory was based on information pub-
lished in existing literature.

2.3. Functional unit

The discharge potential of 1000 kWh was chosen as the functional
unit (FU) on which to base the environmental impact. This aids the
comparison of the results with the findings presented by Wang et al.
[28]. Those findings were used for the environmental impact of LIPB.

[—= Steam

Typically 30barg

11200 litres = 1.92 MWh of
storage to 75C

Fig. 4. An illustration of the thermal battery concept.
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2.4. Case study scenario

A TB is compared to a LIPB . The manufacturing location of the LIPB
was assumed to be in China, which was also assumed by Wang et al. [28]
used data from an unnamed Chinese manufacturer and a document from
Eastwood Park energy storage published by AlphaESS [48]. The data-
base shows that the company has two manufacturing locations, one in
China and one in Australia. The thermal battery was assumed to be
fabricated in the UK, while the data used for steel manufacturing was
obtained from a global manufacturer.

2.5. System boundary

As shown in Fig. 5, Wang et al. [28] used a cradle-to-gate approach
for defining the system boundary, which means data were only included
for obtaining raw materials without accounting for usage and disposal of
the battery. Product quality allocation was not considered, as the pro-
cesses only had one product. The impact of raw material transport was
omitted as the modes of transport were various.

( Raw materials and energy production )
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Fig. 5. System boundary for the LIPB as defined by Wang et al. [28].
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To maximise the comparability between the data for the LIPB and the
TB, the system boundaries were drawn in a similar approach. As pre-
sented in Fig. 6, the following system boundaries were applied:

e Transportation was not accounted for when analysing the environ-
mental impact of the TB

e The allocation method was not defined due to the lack of by-products

e Impact due to use or disposal was not included. Ancillaries were not
included in the impact analysis for either of the product systems.

It is worth noting that methods are available to recycle LIPBs, but
they are limited to laboratory scale applications. As the technology is
labour intensive, an extensive amount of research is being conducted to
address the challenges of upscaling these technologies [49]. On the
other hand, both steel and rock wool are widely recycled which is
highlighted by the fact that Rockwool International has its own recy-
cling programme for customers [50].

2.6. Assumptions

Based on the study conducted by Wang et al. [28] several assump-
tions have been made and applied throughout the investigation, as listed
below.

e 14 m3 of the TB has been used for the environmental impact

assessment.

The lifespan of the TB is estimated to be 20 years, during which it is

charged to its capacity (1.14 MWh) each weekend and discharged

during the week. The estimated lifetime capacity is 1140 MWh if a

50-week operation per year is considered (equating to 1140 func-

tional units).

The LIPB life cycle was assumed to be 2000 as stated by Wang et al.

[28] (data in the life cycle inventory for the product is already

expressed per functional unit).

Data for the LIPB life cycle inventory was collected during an on-site

investigation from a Chinese manufacturer [28].

e For the impact assessment, Wang et al. [28] used ReCiPe midpoint

model (H) 2008, given the limitations of openLCA, ReCiPe midpoint

model (H) 2016 was used for the TB. The differences between both
models causes a deviation in the available comparable environ-
mental impact categories.

For assembling the TB, it was assumed that Gas Metal Arc Welding

(GMAW) is used, as this technique is suitable for thick metal plates

(>20 mm) [51]. This type of welding method is also approved by the

KLM Technology Group [52] for pressure vessels. The TB consists of

two heads and two cold-rolled cylinders made from steel sheets, each

having a longitudinal welded seam. The cylinders are then joined by
another weld and the two heads are also welded to the resulting
cylinder. Their cumulative length is 23.47 m, but due to the addition

of fittings this length was rounded up to 25 m.

Sproesser et al. [51] noted that the shielding gas used for welding

had no significant impact on any of the impact categories used in

their study per 1 m of weld (Eutrophication Potential; Acidification

Potential; Photochemical Ozone Creation Potential; Global Warming

Potential), therefore the shielding gas was excluded in this study as

there is only 2.20 cm weld/functional unit in the TB.

e The welding fume composition was established by Pires et al. [53],
the study noted a fume composition consisting of: 82% Ar and 18%
CO2 shielding mixture at 180 A. This specific mixture of gases was
specified by Sproesser et al. [51].

o The filler wire composition was assumed to be as described by ESAB

[54] for the Mn3NilCrMo wire specified for GMAW by Sproesser

etal. [51].

The steel used from openLCA is based on the production of hot rolled

steel sections. The data set is based on average site-specific data

(gate-to-gate) of global steel producers, although the electricity grid
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Fig. 6. System boundary for the TB [28].

mix is country specific. Other upstream data such as iron ore pro-
duction are based on global averages, as well as openL.CA ELCD 3.2
database, from the project: IISI Life Cycle Inventory Study for Steel
Industry Products, 2000.

2.7. Evaluation method

After defining of the system boundary, a life cycle inventory was
constructed for the product evaluated. The inventory contains the
quantities of raw materials and energy needed along with all the emis-
sions that are associated with the life cycle of the product within the
system boundary. This inventory then was used in conjunction with a
database and an evaluation model to quantify the environmental impact
of the product in different categories, such as climate change and marine
ecotoxity. The result of this process was the quantity of equivalent
emission for each impact category. For example multiple gases can
aggravate climate change including methane and carbon dioxide, but
the emissions are measured in carbon dioxide equivalent. The last step of
the analysis, was the dimensionless evaluation of the impacts which was
done through a normalisation process. Normalisation is a process where
average emissions are used to make emission values dimensionless and
allow the comparison of a product’s impact across multiple categories.
The emission values after the normalisation are referred to as environ-
mental impact load. The analysis of the environmental impact load is
used to highlight in which environmental impact category does the
product need to improve the most, or which product has the highest
environmental impact across categories out of the two compared. i.e.,
Normalisation approach allows comparison of the severity of emissions
between the impact categories. For instance, the comparison would
reveal whether a product has a higher environmental impact on climate
change or ozone depletion. This would not be evident from the mass
quantities as the magnitude of the environmental impact of 1 kg CO3 is
not the same as 1 kg CFC-11.

2.8. Life cycle inventory construction and environmental impact
assessment

The lifecycle inventory was constructed for the LIPB by Wang et al.
[28]. based on data from an unnamed Chinese manufacturer. Their in-
ventory was not adopted and re-evaluated due to some key items
missing from the ELCD 3.2 database used in this study. Instead, the
impact values per functional unit resulting from the evaluation using
ReCiPe midpoint (H) model 2008 by Wang et al. [28] were adopted for
the environmental impact categories as shown by Table 1. The model
used by the Wang et al. [28] study evaluates environmental impact in 18
categories such as climate change, ozone depletion, human toxicity,
photochemical oxidant formation, particulate matter formation,
ionizing radiation, terrestrial acidification, freshwater eutrophication,

Table 1
Environmental impact results for the lithium iron phosphate battery (LIPB) by
Wang et al. [28].

Impact category Unit LIPB
Climate change kg COz eq 16.10
Ozone depletion kg CFC-11 eq 1.28 x 107
Terrestrial acidification kg SO5 eq 0.12
Freshwater eutrophication kg P eq 1.07 x 1072
Marine eutrophication kg N eq 1.08 x 1072
Human toxicity kg 1,4-DB eqa 10.73
Photochemical oxidant formation kg NMVOC 6.11 x 1072
Particulate matter formation kg PM;0 eq 5.15 x 1072
Terrestrial ecotoxicity kg 1,4-DB eq 221 x 1073
Freshwater ecotoxicity kg 1,4-DB eq 0.30

Marine ecotoxicity kg 1,4-DB eq 0.28
Ionizing radiation kBq U235 eq 0.22
Agricultural land occupation m?a 3.40

Urban land occupation m?a 0.25
Natural land transformation m? 2.50 x 1073
Water depletion m> 0.60

Metal depletion kg Fe eq 10.70

Fossil depletion kg oil eq 4.87
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marine eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity,
marine ecotoxicity, agricultural land occupation, urban land occupa-
tion, natural land transformation, water depletion, metal depletion and
fossil depletion.

For the TB, an inventory was constructed by taking into account the
amount of steel needed for the vessel itself, the rock wool for the insu-
lation, the filling wire, the electricity used for the welding and amount of
fumes released during the welding process. An input and output in-
ventory was constructed for the steel production process (see Table 2 for
inputs and Table 3 for outputs), for welding process (see Table 4), and
for the insulation (see Table 5). These were based on information about
corresponding processes found in the ELCD 3.2 database and were
scaled according to the amount of output required from each process for
the thermal battery. The process inputs can be used to track resource
use, while process outputs are indicative of emissions.

The welding process inventory was based on the inputs and emis-
sions outlined by Sproesser et al. [51] for the Gas Metal Arc Welding
process, but, as mentioned in Section 2.6, the shielding gas was not
included as it did not have a significant enough impact. The exact
welding wire was obtained from ESAB [54] and the fume compositions
from Pires et al. [53]. The length of weld corresponding to one FU was
2.20 cm. Finally, the life cycle inventory for the insulation is shown in
Table 5. For the calculation, the insulation was expected to be 150 mm
thick on the TB and with the density of 22 kg/m?, this resulted in 0.12 kg
corresponding to 1 FU.

The impact of these cumulative emissions is compared to the impact
of the LIPB emissions in the results section.

3. Results
3.1. Environmental impact analysis

The ReCiPe midpoint (H) 2016 model was used to analyse the impact
of the TB production within the system boundary outlined in Section 2.5,
whereas the life cycle assessment of the LIPB conducted by Wang et al.
[28] utilised the ReCiPe midpoint (H) 2008 version. Due to differences
between the categories in the 2016 and 2008 versions of the model, only
10 of the 18 environmental impact categories found in the original 2008
version provided directly comparable data for the TB and the LIPB. The
results for these 10 categories are detailed in Sections 3.1.1 to 3.1.5..
Information on the results in the categories with no direct comparison
are discussed in Section 3.1.6.

3.1.1. Greenhouse gas emissions

The climate change potential of the two products was one of the
categories that allowed direct comparison. As mentioned in Section 2.7
all greenhouse gases emitted were benchmarked against carbon dioxide
and the emissions were expressed in kg of carbon dioxide equivalent.

The TB was found to emit 8.58 kg/1000 kWh of energy stored
throughout its lifetime, while the LIPB emitted 16.10/1000 kWh of
energy stored throughout its lifetime. This showed that the TB emits

Table 2

Process inputs of steel production based on data from openLCA.
Process inputs Inventory value per Unit

FU
Hard coal; 26.3 MJ/kg 55.60 MJ
Water 26.16 kg
Natural gas; 44.1 MJ/kg 18.62 MJ
Crude oil; 42.3 MJ/kg 13.49 MJ
Iron 2.313 kg
Metamorphous rock, graphite containing, in 1.54 kg
ground

Calcium carbonate, in ground 0.70 kg
Dolomite, in ground 0.18 kg
Zinc 3.17 x 1072 kg
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Table 3
Emissions and process outputs of steel production based on openLCA software.

Process outputs Inventory Unit

value per FU

Type of flow

Ammonia 1.20 x 1072 kg Emission to
water

Cadmium 4.90 x 107 kg Emission to
air

Cadmium 2.86 x 1078 kg Emission to
water

Carbon dioxide 8.25 kg Emission to
air

Carbon monoxide 9.95x 1072 kg Emission to
air

Chromium 6.63 x 107° kg Emission to
air

Chromium 3.26 x 107 kg Emission to
water

COD, Chemical Oxygen Demand 2.93 x 107* kg Emission to
water

Dinitrogen monoxide 3.61 x 107* kg Emission to
air

Dioxins, measured as 2,3,7,8- 2.99 x 10711 kg Emission to

tetrachlorodibenzo-p-dioxin air

Hydrogen chloride 2.95 x 107* kg Emission to
air

Hydrogen sulfide 2.44 x 107* kg Emission to
air

Iron 8.79 x 107* kg Emission to
water

Lead 1.80 x 107° kg Emission to
air

Lead 1.47 x 10°° kg Emission to
water

Mercury 8.22 x 107 kg Emission to
air

Methane 5.40 x 1073 kg Emission to
air

Nickel 3.98 x 107 kg Emission to
water

Nitrogen 1.24 x 107 kg Emission to
water

Nitrogen dioxide 1.27 x 1072 kg Emission to
air

NMVOC, non-methane volatile organic 9.81 x 107* kg Emission to

compounds, unspecified origin air

Particulates, > 10 um 5.09 x 107* kg Emission to
water

Particulates, > 2.5 um, and < 10um 4.61 x 1072 kg Emission to
air

Phosphate 1.17 x 107 kg Emission to
water

Steel hot rolled section 7.51 kg

Sulphur dioxide 1.54x 1072 kg Emission to
air

Waste (unspecified) 3.38 kg Consumer
waste

Zinc 1.01 x 107 kg Emission to
air

Zinc 2.30 x 107 kg Emission to

water

nearly half as much carbon dioxide equivalent as the LIPB per functional
unit.

3.1.2. Ecosystem quality

The effect produced by the two products examined on ecosystem
quality was investigated by comparing the equivalent emissions of the
products in 6 environmental impact categories. The categories account
for the ecotoxicity and eutrophication in marine and freshwater envi-
ronments as well as the acidification and ecotoxicity in terrestrial ones.
The emission figures for each one of these categories can be seen in
Table 6. For the environmental categories related to freshwater and
marine environments, the TB was estimated to reduce emissions by at
least 95% compared to the LIPB. This was a significant enough
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Table 4
Inputs and outputs of the welding process based on Sproesser et al. [42].
Process inputs Inventory value per FU Unit Process outputs Category Inventory value per FU Unit
Carbon 1.74 x 1072 g Iron Emission to air 1.25 x 1072 g
Chromium 5.05 x 1072 g Manganese Emission to air 1.95 x 107 g
Electricity EU-28+3 0.00 kWh Silicon Emission to air 5.35 x 1073 g
Manganese 4.61 x 1072 Sodium Emission to air 1.54 x 1073 g
Molybdenum 0.31 g Steel vessel 7.51 kg
Nickel 4.69 x 1072 g
Silicon 0.24 g
Steel hot rolled 0.10 kg
and water depletion provided directly comparable data as presented in
I.z;ble 51 . ) ¢ the insulati Table 7. In both categories the TB emitted at least 95% less than the
ife cycle inventory of the insulation. .. R . IR .
i v LIPB. It is important to note that the TB’s fossil depletion is likely higher
Process input Inventory value per FU Unit than zero, a field study can provide a figure with higher accuracy,
rock wool 0.12 kg however, the low value is favourable. The TB also performs better in

Table 6

Equivalent emissions of TB and LIPB related to ecosystem quality.
Environmental impact category TB LIPB
Freshwater ecotoxicity (kg 1,4-DB eq) 1.11 x 1073 0.30
Freshwater eutrophication (kg P eq) 3.90 x 107° 1.07 x 1072
Marine ecotoxicity (kg 1,4-DB eq) 1.28 x 1072 0.28
Marine eutrophication (kg N eq) 3.31 x 107 1.08 x 1072
Terrestrial acidification (kg SO, eq) 2.00 x 1072 0.12
Terrestrial ecotoxicity (kg 1,4-DB eq) 15.87 2.21 x 1073

difference that it could be seen by looking at the difference in magnitude
between the emissions. For example, the TB emitted 3.90 x 107> kg of
phosphorus equivalent while the LIPB was found to emit 1.07 x 1072 kg
of phosphorus equivalent. At least 50% of the emissions generated by
the LIPB could be contributed to its cathode plate manufacturing process
in the freshwater eutrophication, freshwater ecotoxicity and marine
ecotoxicity [28]. The contribution of the process went as high as 69% in
the case of freshwater eutrophication making it a significant area for
improvement.

In terrestrial environments, the performance of the products showed
a different figure than in the aquatic ones described above. The sulphur
dioxide produced by the TB which causes terrestrial acidification was
83% less than the LIPB. However, based on the model TB emitted 15.87
kg of 1,4-DB equivalent, while the LIPB was only found to emit 2.21 x
1073 kg of 1,4-DB-equivalent. This was a significant difference in emis-
sions which is discussed further in Section 3.1.5.

3.1.3. Human health

Human health would normally be described by a number of envi-
ronmental categories such as fine particulate formation, human toxicity
(including both carcinogenic and non-carcinogenic) and ozone forma-
tion alongside the ozone depletion. Due to the differences between the
2008 and 2016 versions of the ReCiPe midpoint (H) model, the products
could only be compared directly in the ozone depletion category. The
reason ozone depletion is a problem for human health is that the
increased exposure to UV radiation can increase the incidence of some
types of skin cancers, cataracts and immune deficiency disorders. The
life cycle assessment presented that the TB emitted four times as much
CFC11 equivalent than the LIPB at 4 x 10~® kg/1000 kWh energy stored
throughout the life cycle examined. This was another significant relative
difference and is evaluated further in Section 3.1.5.

3.1.4. Natural resource use

Similar to the human health, natural resource use is examined by
more than one environmental impact category such as fossil depletion,
water depletion and metal depletion. Out of these both fossil depletion

terms of water depletion using almost one magnitude less water per
functional unit in the examined life cycle than the LIPB.

3.1.5. Cross-category evaluation

Due to the wide variety of units used for the different environmental
impact categories, the impact values cannot be compared without
making them dimensionless first. Customarily, this is done with nor-
malisation. This case study used the World 2010 (H) dataset for nor-
malisation which was provided with the impact assessment methods
package in openLCA.

Fig. 7 shows the impact loads for both the TB and the LIPB in the
categories where direct comparison could not be drawn. The largest
impact load overall was found to be the marine ecotoxicity of the LIPB at
0.27, the cathode plate manufacturing process of the battery contributed
the most to this impact [28]. The second highest load was in the category
of freshwater ecotoxicity and belonged to the LIPB as well at 0.24,
similarly inflated by the cathode plate manufacture [28]. In contrast, the
highest impact load for the TB was 1.53 x 1072 in the category of
terrestrial ecotoxicty. If this impact load was only compared to the load
of the LIPB in the same category, it would be a serious environmental
performance issue for the TB, however once put in context of the impact
loads of both products across the different environmental categories, it
could be re-evaluated as an area for potential improvement instead.
Another cause for concern highlighted previously was the performance
of the TB ozone depletion category. However, Fig. 7 shows that the
emissions in this category produced a significantly lower impact load
than the others, therefore the large relative difference was less relevant
than the dimensional emission values would suggest.

3.1.5.1. Impact categories with no direct comparison. Table 8 shows the
environmental impact values for categories that could not be directly
compared. The categories were thematically grouped in each row, for
example, fine particulate matter formation and particulate matter for-
mation were in the same row, they were not easily comparable as LIPB
particles were 10 um or smaller, whereas TB particles are 2.5 um or
smaller. Based on this difference, it could be expected that the impact
value for LIPB is higher than for TB, which was indeed the case.

The human toxicity category for LIPB did not separate carcinogenic
and non-carcinogenic toxicity, but all three categories used the same
unit (1,4-dichlorobenzene equivalent), theoretically just purely based
on the units these carcinogenic and non-carcinogenic impacts could be
added to compare the TB human toxicity value with the LIPB one. The

Table 7

Environmental impact related to natural resource use.
Environmental impact category TB LIPB
Fossil depletion (kg oil eq) 0.00 4.87

Water depletion (m3) 2.63 x 1072 0.60
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Normalised environmental impact of the TB and LIPB
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Fig. 7. Normalised environmental impacts in the directly comparable categories.

Table 8
Data for the environmental categories with no direct comparison.
TB LIPB
Fine particulate kg 5.88 x Particulate matter =~ kgPM10  5.15
matter PM2.5 10°° formation eq X
formation eq 1072
Human kg 1,4- 3.29 x Human toxicity kg 1,4 10.73
carcinogenic DCB eq 1073 DB eq
toxicity
Human non- kg 1,4- 1.30
carcinogenic DCB eq
toxicity
Land use mZa 0.00 Urban and m?a 3.40
crop eq agricultural land
occupation
Natural land m? 2.50
transformation X
107
Mineral kg Cu 7.00x Metal depletion kg Fe eq 10.70
resource eq 10
scarcity
Ozone kg NOy 1.77 x Photochemical kg 6.11
formation, eq 107 oxidant formation NMVOC X
Human 1072
health

summation would show that the TB has a lower impact on human
toxicity overall, however, this would most likely not be a fair assess-
ment, depending on which other elements were changed between the
two versions of the ReCiPe impact analysis models.

Land use for the TB seemed to have correlated to two categories for
LIPB: urban and agricultural land occupation, and natural land trans-
formation. This group of categories presented an issue, because it con-
tained a host of different units. However, it is worth pointing out that for
the TB, the land use impact was valued at 0. This could be taken as a
signal that if a field study was conducted on the TB rather than the
evaluation based on the model, it would most likely find a very small
value. Mineral resource scarcity and metal depletion were in the same

group, but unfortunately due to the different units, the values could not
be compared. The next group of categories labelled as photochemical
oxidant formation, or ozone formation depending on the source, was an
easier comparison. While on paper they have different units, during the
inventory analysis for the TB, the amount of NMVOC emitted was
characterised as 9.85 x 10~* kg/ FU, this suggests that the TB would be
more favourable in this category. The final category of ionising radiation
also presented the issue of different units, which meant that the impact
values could not be compared.

4. Conclusions

This paper conducted an LCA of an innovative thermal battery so-
lution and compared the environmental impacts with one of the state-of-
the-art electrical storage technologies. It should be noted that only a few
studies have analysed different types of thermal and electrical storage
systems which was a lithium iron phosphate battery (LIPB). It could be
included from the environmental life cycle assessment of the LIPB and
the thermal battery (TB) developed by Spirax Sarco Engineering Ltd.
that:

In dimensional terms, the LCA comparison showed the THB was
more environmentally friendly than LIBP by producing almost half of
carbon dioxide equivalent obtained by the LIPB LCA, and by reducing
the environmental impact by at least 80% compared to the LIPB in all
categories related to ecosystem health with the excepetion of terrestrial
ecotoxicity. Furthermore, the TB had a smaller impact on natural
resource use such as fossil and water depletion.

Furthermore, by evaluating the normalised environmental impact
loads it was observed that the two highest loads at 0.27 and at 0.24 were
both emitted by the LIPB in the marine ecotoxicity and freshwater
ecotoxicity categories. The highest environmental load observed by the
TB was 1.53 x 1072 in the category of terrestrial ecotoxicty. The order of
magnitude difference in the highest impact loads of the two products
was a very encouraging sign for the environmental performance of the
TB. There were environmental categories where the TB emitted more
than the LIPB such as in terrestrial ecotoxicity and ozone depletion, but
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the normalisation showed that these were lower impact categories
among the directly comparable categories

These results are promising for the TB technology, but it is recom-
mended that the model is made more robust by incorporating data
directly from the vessel manufacturer and by verifying the assumptions
made in this study. A future work to be done is to conduct a thermo-
dynamic performance and ecosystem assessment of an actual TB.
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