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Abstract: This study extends beyond conventional Battery Thermal Management System
(BTMS) research by conducting a Life Cycle Analysis comparing the environmental impacts
of two technologies: a traditional active cold plate system and an innovative passive Loop
Heat Pipe (LHP) system. While active cold plate BTMS requires continuous energy input
during operation and charging, leading to significant energy consumption and emissions,
the passive LHP BTMS operates without external power or moving parts, substantially
reducing the climate change impact. This analysis considered two materials for LHP
construction: copper and stainless steel. The results demonstrated that the LHP design
achieved a 9.9 kg reduction in overall BTMS mass compared to the cold plate system. The
implementation of stainless steel effectively addressed the high resource consumption
associated with copper while reducing environmental impact by over 50% across most
impact categories, compared to the cold plate BTMS. The passive operation of the LHP
system leads to substantially lower energy usage and emissions during the use phase
compared to the active cold plate. These findings highlight the potential of passive LHP
technology to enhance the environmental sustainability of Battery Thermal Management
Systems while maintaining effective thermal performance.

Keywords: battery thermal management; Life Cycle Assessment; Loop Heat Pipe

1. Introduction
In November 2019, the European Parliament declared a climate emergency, presenting

in response the ’Green Deal’, an agreement encapsulating all the proposals and objectives
intended to achieve climate neutrality in Europe by 2050, with an ambitious target to
achieve a 90% reduction in transport-related greenhouse gas (GHG) emissions [1]. The
transport sector is the largest emitter of GHG in the UK, representing 26% of the UK’s
total emissions in 2021, the majority of which was from road transport [2]. Hence, this is
why governments worldwide are pushing for the adoption of electric vehicles (EVs), seen
as the main bet in terms of containing this emergency, with drastic measures such as a
sales ban on all new cars and vans relying solely on combustion. EVs are seen as the most
effective solution in the short term since by exploiting the use of batteries, they decrease
our dependence on oil and reduce the emissions of greenhouse gases and other pollutants.
Lithium-ion batteries were recently chosen as the go-to energy storage technical solution
due to their high energy density, great versatility, and long cycle life.
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The effectiveness, durability, and safe operation of lithium-ion batteries are signif-
icantly affected by their operating temperature. Studies demonstrated that in cold en-
vironments (such as −40 ◦C), the energy and power capacities of 18650 cells dropped
dramatically to just 5% and 1.25%, respectively, primarily because the electrolyte becomes
less conductive, and lithium ions struggle to move through the carbon anode [3]. This
issue manifests in real-world scenarios, as illustrated by the 2012 Nissan Leaf, reporting
losses of more than half its driving range when operating at −10 ◦C [4]. Similarly, elevated
temperatures prove detrimental to battery performance. For instance, 18650 cells operated
at 45 ◦C lose 36% of their capacity after 800 charging cycles, while those at 55 ◦C experience
severe degradation, losing over 70% of their capacity within just 490 cycles [5]. These
performance losses occur because heat causes the Solid Electrolyte Interphase (SEI) to
break down and reduces the ease with which lithium ions can move through the battery.
Temperature fluctuations also speed up two key aging processes: calendar aging and cycle
aging. The former, which depends on storage conditions including temperature and State of
Charge (SOC), progresses more rapidly as temperatures increase. The latter is influenced by
both temperature and Depth of Discharge (DOD), with studies revealing that each degree
increase between 30 ◦C and 40 ◦C shortens battery life by approximately two months [6].
This is because the temperature sensitivity follows Arrhenius behaviour, with reaction
rates increasing exponentially with temperature. This relationship is particularly evident
during high C-rate discharge cycles, where more demanding rates correspond to higher
operational temperatures.

In recent years, a great number of studies have aimed at improving the performance
of the Battery Thermal Management System (BTMS). An effective BTMS must deliver
optimal performance across three distinct levels. At the broadest level, the entire bat-
tery pack temperature should be maintained between 25 ◦C and 40 ◦C to maximise both
performance and lifespan [7]. At the intermediate level, temperature uniformity across
battery modules is crucial—neighbouring cells’ temperature must not differ by more than
5 ◦C, as such variations create electrochemical imbalances that compromise the pack’s
overall efficiency. At the smallest level, individual cells require careful thermal control,
with internal temperature differentials kept within 3–5 ◦C to ensure optimal functioning [8].
While batteries can operate adequately at up to 50 ◦C, this represents a less ideal operat-
ing range, albeit acceptable [9]. For safety purposes, temperatures should never exceed
60 ◦C during normal operation to prevent unsafe failure scenarios such as thermal runaway,
in which a self-sustained reaction is created, leading to smoke, fire, and eventually, the
explosion of the cells [10].

Research on this topic is florid, with several reviews highlighting the strengths and
weaknesses of the different technical solutions. Currently, only two cooling solutions are
employed in vehicles available in the market: air [11] and liquid convection [12]. In the
high-performance sector, like the McLaren Speedtail, immersion cooling starts to emerge,
even in a couple of instances [13]. Air convection BTMS stands out for its simplicity
and low cost of implementation. However, due to the air's poor thermal performance, it
cannot cope with fast charging, and it is also characterised by high parasitic power due
to the presence of fans. Akbarzadeh et al. proved that with the same levels of parasitic
power, liquid cooling is more efficient at reducing the cells' temperature [14]. However,
Chen et al. showed that with numerical optimisation, it is possible to improve the minimum
temperature of the cells by more than 2 ◦C whilst maintaining the same inlet flow rate (and
hence, the same power) [15]. Liquid convection BTMS provides high efficiency in cooling
and heating but adds complexity, weight, and costs due to the number of parts involved.
Rabiei et al. investigated several types of liquid cold plate microchannels, looking at the
channel architectures [16]. They found out that using wavy channels and thin layers of
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metal foams can decrease power consumption by more than 50%. Other experimental BTMS
technologies proposed by researchers worldwide but not yet employed in commercial EVs
are heat pipes [17], Phase Change Material (PCM) [18], and immersion cooling [19]. The
reader is referred to the cited reviews for more information.

An important distinction to be made, however, is between active and passive systems.
Active indicates the need for an external energy source, such as electricity, to remove excess
heat (e.g., forced liquid and air convection); passive ones exploit thermodynamic principles
to remove the excess heat without the need for any additional power or moving part.

The authors of this study identified that research has been focusing on the thermal
performance only of these BTMSs, without taking into account the environmental costs
associated with the proposed technologies. This paper, hence, proposed an innovative com-
parative approach to BTMS evaluation, by which a Life Cycle Assessment (LCA) analysis
of two BTMSs is carried out to identify the least environmentally impactful solution. The
chosen BTMS is a traditional one, featuring an active liquid cold plate, and an innovative
one, using a Loop Heat Pipe (LHP) system. LCA is a method defined by international
standards ISO 14040 [20] and 14044 [21] for analysing the environmental impacts of a
product or system. LCA is a comprehensive study that examines the entire life cycle of
a product; depending on the stages that are taken into consideration, different types of
analysis can be defined, such as ‘cradle to gate’, considering from raw material extraction
to product manufacture, and ‘cradle to grave’: from raw materials to product final disposal
and recycling. The applications of this technique are many, including product development
and innovation, policy decision support, green public or private procurement, the devel-
opment of life cycle-based environmental declarations, communication and marketing,
industrial process optimisation, and corporate sustainability strategies; these are just a few
examples of the areas in which LCA plays an important role [22].

Not many works in literature are found assessing the environmental impact of the
BTMS. Chen et al. developed a performance index to assess air and PCM cooling perfor-
mances, showing that to better cyclical costs, extend operative life, and reduce operating
costs, air cooling was a better option than PCM, due to PCM's low cycle life and thermal
properties [23]. Lander et al. performed a life cycle cost analysis on a liquid cooling BTMS
to make EVs both economically and environmentally viable. Their results showed that
the life cycle cost and carbon footprint were reduced by 27% and 25%, respectively, when
moving from air cooling to an optimised liquid BTMS [24].

Similarly, the literature is scarce regarding LCA for heat pipes. To the best of the authors’
knowledge, only a handful of works were found addressing this topic. Llera et al. performed
an LCA on stainless-steel heat pipes aimed at steam production, finding that the use of
heat pipes reduced the GHG emissions in steam production by 97% [25]. However, the
manufacturing process of heat pipes was not considered in the LCA. Illner et al. produced
an interesting study in which they used a switchable heat pipe (developed in-house with
the use of an absorption material) and compared the benefits with liquid cooling by means
of an LCA [26]. They showed the potential to reduce the overall impact by about four times
by using the passive system with heat pipes, albeit with very conservative assumptions on
the liquid BTMS cooling side and on the production phase of the heat pipes.

The brief list of works cited above highlights the need for more research in the direction
of understanding both the environmental impact of BTMS and heat pipe technology. The
present manuscript aims to fill this knowledge gap by using an LCA analysis to compare
the environmental impact of a standard liquid BTMS and a novel passive Loop Heat Pipe-
based BTMS, including the production phases. To the best of the authors’ knowledge, this
is the first LCA of an LHP.
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The paper is structured as follows: Section 2 outlines the methodology, including
the LCA framework, product identification, and data collection process, detailing sources,
tools, and assumptions for each life cycle stage. Section 3 introduces a sensitivity scenario
based on the initial finding that copper was a critical issue, exploring its substitution with
stainless steel. Section 4 presents the main analysis results, while Section 5 covers the
sensitivity analysis results. Section 6 concludes this study.

2. Methodology
2.1. Battery Thermal Management Systems Under Analysis

For the modelling of the entire battery pack, the open-source BatPac model was used,
created by the researchers at Argonne National Laboratory [27]. BatPac is a publicly
available model that creates a bottom-up lithium-ion battery design and performs a cost
calculation. The model designs the battery for a specified power, energy, and vehicle
type (i.e., hybrid, plug-in hybrid, or full-electric). The tool then generates a complete
cost analysis by examining each stage of the battery manufacturing process. The original
model and manual were publicly peer-reviewed by battery experts assembled by the
U.S. Environmental Protection Agency.

A stainless-steel (SS) liquid cold plate was chosen as the benchmark technology for the
comparative study presented in this manuscript, as it is more utilised in the industry due
to its advantages over copper cold plates. In fact, SS cold plates have a higher resistance
to freezing-induced deformations and to corrosion and are lighter and cheaper than their
copper counterpart [28], albeit with poorer thermal performance due to lower thermal
conductivity. The working fluid is a 50/50 (by weight) solution of ethylene-glycol and
water. This cold plate will take away the excess heat from the battery pack and reject it to the
Heating Ventilation and Air Conditioning (HVAC) unit of the vehicle. The proposed cooling
system utilising the proposed cooling panels, placed both above and below the battery
modules, is presented in Figure 1. Both sides of the panels are hydraulically connected
in parallel to the manifold, made of 18/8 stainless steel, and responsible for uniformly
distributing the refrigerant.
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Figure 1. BatPac (a) cooling system schematic and (b) overall module component breakdown
(Reprinted from Ref. [27]).

Stiff pouch cells are used as they are considered advantageous due to their high energy
density, light weight, and volumetric efficiency. The module contains aluminium heat
conductors wrapped around each cell for thermal management, a module management
control system, terminals, and a casing. The whole pack includes the entire battery man-
agement system and additional functions for the thermal management system. Busbars
and terminals for drawing energy to and from the pack are also included.
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The innovative, not-yet-employed BTMS chosen for the other side of the comparative
study is an LHP BTMS. LHPs are passive two-phase heat transfer devices. Developed in
the USSR in the 1970s, they have been used primarily for space applications [29]. As shown
in the schematic in Figure 2, they are comprised of four main components: evaporator,
vapour and liquid line, and condenser. In the evaporator, a porous structure called a wick
traps the liquid in numerous capillary pores. Due to this capillarity, a positive pressure
gradient arises. When heat is applied (e.g., from the battery), the liquid boils and turns
to vapour, and it is forced towards the vapour line by the pressure gradient given by the
capillarity. The vapour line flows into the condenser, where the heat is rejected, and the
vapour turns to liquid and flows back into the evaporator through the liquid line. Here,
it is received by the compensation chamber, which is a two-phase reservoir that feeds the
liquid to the wick. Due to this operating principle, LHP allows for excellent heat transfer
over long distances (i.e., several meters) [30] at a much lower cost compared to a standard
heat pipe of a similar size, due to having the wick in the evaporator only. LHPs are studied
for anti-icing applications [31], smartphone cooling [32], semiconductor cooling [33], and
waste heat recovery [34] and have been widely used in space applications [29]. LHPs have
also been mass-produced [35,36], indicating the technological maturity of this device.
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Figure 2. Loop Heat Pipe schematic.

The LHP-based BTMS was proposed by Bernagozzi et al. [37,38], with a series of LHP
evaporators placed below the battery module, thermally connecting the battery modules to
the HVAC chiller already present in the vehicle, as shown in Figure 3.
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Figure 3. A BTMS with a Loop Heat Pipe schematic presentation: (a) placement inside the vehicle;
(b) the details of a single module extract. Reprinted with permission from Ref. [38]. 2021, Elsevier.
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Previous research has shown that this design was able to improve the cooling performance
of an active cold plate by more than 3 ◦C during fast-charge cycles [38]. Further research showed
that 2 LHPs were able to maintain the battery cells below the required temperature thresholds
during 1C and 2C charge cycles [39]. Possible potential LHP architectures applied to a module
scale are shown in Figure 4. Further research needs to be established in creating an ad hoc LHP
design able to maximise the thermal contact with the battery module, which, however, is out of
the scope of the present work. In fact, this work aims to motivate further research by showing
the environmental benefits of such technology.
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(c) 6 LHPs, and (d) 10 LHPs. Pipes have been removed from the images for clarity.

Being a relatively new technology, LHPs need further investigation but offer clear
advantages.

2.2. Life Cycle Assessment

Life cycle assessment analysis comprises four distinct phases: (1) goal and scope
definition, (2) life cycle inventory (LCI), (3) life cycle impact assessment (LCIA), and
(4) interpretation. The initial phase establishes this study’s assumptions, including sys-
tem boundaries, research objectives, methodological framework, and the specification of
functional units and requisite data. During the LCI phase, a comprehensive inventory
is developed through systematic data collection aligned with this study’s objectives, en-
compassing all the relevant input and output flows within the defined system boundaries.
The LCIA phase facilitates the translation of inventory data into environmental signifi-
cance by correlating all the relevant input and output flows with specific environmental
impact categories. This phase necessitates the selection of appropriate LCIA calculation
and classification methods, followed by characterisation procedures to quantify the mag-
nitude of impacts for each inventory element. Additionally, two discretionary steps may
be implemented: normalisation, which contextualises the results against reference values,
and weighting, which assigns relative importance to different impact categories based
on predetermined criteria, such as sociopolitical considerations. Finally, Interpretation is
where the results collected in the LCI and LCIA are discussed and compared.

SimaPro v9.3.0.3 was the software used to carry out this LCA analysis, supported by the
Ecoinvent database (version 3.1 released in November 2023). The chosen calculation method
was the Environmental Footprint (EF) Method, developed in 2013 and later updated in 2021 by
the European Commission [40]. The Environmental Footprint Method is based on international
standards, such as the ISO 14000 family, and it provides a comprehensive and reliable guide
for measuring the environmental footprint of a product or service during its life cycle. During
its development, it has been tested with over 300 companies and 2000 stakeholders, with
applications in many sectors, including computer equipment and batteries.

The LCIA phase of an LCA evaluates the contributions a product gives to various ecological
problems. To identify the major impact areas needing attention and action, SimaPro adopts
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the EF calculation method, which proposes 16 environmental impact categories to collect the
interactions of processes or services with the ecosystem, described in Table 1. These categories
collectively enable the systematic evaluation of environmental impacts across various dimensions,
facilitating informed decision-making in product development and process optimisation.

Table 1. A description of the Impact Categories for the Environmental Footprint (EF) Method [41].

Impact Category Description

Climate change Quantifies GHG emissions using the Intergovernmental Panel on Climate Change
(IPCC) 2013 model as a baseline, for a 100 year-time horizon (GWP-100). The impact

is measured in kilograms of carbon dioxide equivalents (CO2eq) [42].

Ozone depletion Calculates the destructive effects on the stratospheric ozone layer over a time horizon of
100 years. The impact is measured in trichlorofluoromethane equivalents (CFC-11eq).

It uses the World Meteorological Organisation 2014 model as a baseline [43].

Human toxicity Assesses impacts on human health caused by the absorption of cancerous and
non-cancerous (measured distinctly) substances. The impact is measured in

Comparative Toxic Units for Humans (CTUh), using the USEtox (2008) model [44].

Particulate matter (PM) Assesses disease incidence due to kg of PM2.5 emitted, based on Fantke's (2016)
model. The impact is measured in disease incidences [45].

Ionising radiation Quantifies the impact of ionising radiation on the population, based on
Frischknecht's (2000) model. The impact is measured in Uranium 235 equivalents

(U235eq) [46].

Photochemical ozone
formation

Calculates the impact of tropospheric ozone formation, based on Van Zelm's (2008)
model [47], as applied in ReCiPe2008 [48]. The impact is measured in kilograms of

Non-Methane Volatile Organic Compound equivalents (kg NMVOCeq).

Acidification Evaluates the change in critical load exceedance of the sensitive area in terrestrial
and main freshwater ecosystems, to which acidifying substances deposit, based on
Seppälä’s (2006) [49] and Posch’s (2008) [50] models. The impact is measured in

moles of hydrogen ion equivalents (mol H+ eq).

Eutrophication,
terrestrial

Evaluates the change in critical load exceedance of the sensitive area, to which
eutrophying substances deposit, based on Seppälä’s (2006) [49] and Posch's (2008)
[50] models. The impact is measured in moles of nitrogen equivalents (mol N eq).

Eutrophication, aquatic
freshwater/marine

Measures the degree to which the emitted nutrients reach the end compartment,
based on Struijs's (2009) [51] model. The impact is measured in kilograms of

phosphorous equivalents for the aquatic freshwater compartment (kg P eq) and
kilograms of nitrogen equivalents for the marine compartment (kg N eq).

Ecotoxicity, freshwater Measures the toxic effect on aquatic freshwater species, based on the USEtox (2008)
model [44]. The impact is measured in Comparative Toxic Units for ecosystems (CTUe).

Land use Measures four soil properties: biotic production, erosion resistance, groundwater
regeneration, and mechanical filtration, based on LANCA® v 2.2 [52] as the baseline

model. The impact is measured through a single soil quality score (Pts).

Water use Evaluates the impact on the quantity of water deprived, based on the AWARE
model [53]. The impact is measured in terms of volume (m3).

Resource use The impact of the depletion of natural resources, based on Van Oers and
Guinée [54], as implemented in the CML method, v. 4.8 (2016), available at [55].

Energy carriers are considered separately and measured in MJ equivalents,
while mineral and metal resources are measured in Sb-equivalents.

2.3. Data Collection

The selected battery pack contains a total of 384 cells divided into 32 modules made of
12 cells, respectively. The BatPaC model provides information on the performance of the
battery, including that the total heat generated by the battery pack was 716 W. Considering
384 cells, that means an average of 1.86 W of thermal power released by a single cell, which
is less than a 1C charge cycle. For this reason, 2 LHPs were deemed sufficient to cool down
a single module.

The parameters chosen in this set-up are summarised in Table 2. It is now possible to
proceed with the collection of data describing the components of the two cooling systems.
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Table 2. Battery pack parameters.

Parameter Value

Designated duration of power pulse 10

Target pack power, [kW] 300

Estimated pack power at target % OCV, [kW] 440

Target pack energy, [kWh] 100

Number of cells per module 12

Number of cells in parallel 2

Number of modules in row 8

Number of rows of modules per pack 4

Number of modules per pack 32

Number of modules in parallel 2

Cells per pack 384

Total cells per battery system 384

Battery system capacity, [Ah] 284.1

2.3.1. Raw Material Acquisition

Of particular importance for an LCA are the materials, as displayed in Table 3. All
data shown here have been extracted directly from the BatPac model. In the case of the
coolant, its total weight was divided by two, as the liquid used is half ethylene-glycol and
the other half water.

Table 3. The materials for the cold plate BTMS as obtained from the BatPac model. All amounts are
in kg.

Components Materials Amount

50% Coolant Ethylene-Glycol 5.52

50% Coolant Water 5.52

Manifold Steel, Chromium Steel 18/8 1

Panels Steel, Chromium Steel 18/8 16.5

Pump Aluminium, cast alloy 2

Total (kg) 30.54

The data collection process for the LHP BTMS proved challenging, as no pre-existing
system had been designed specifically for the adopted battery pack. As a result, readily
available information was limited. Hence, the approach taken was to start with the geome-
try of the battery pack and adapt the LHP system based on a reference design. Figure 5
provides a sketch depicting the dimensions of the battery pack and the positioning of the
LHPs. It is important to note that two LHPs (labelled a and b) are required for each module,
with each LHP having a vapour line and a liquid line. However, in the sketch, only one
of the two pipelines has been represented, as the figure shows a top view. The length of a
single module was obtained from the BatPac model and is equivalent to 290.4 millimetres.
These data were used to calculate the average pipeline length of an LHP, characterised by
ID/OD values of 4.4 mm and 6 mm, respectively.

The remaining LHP data were collected directly from the experiments performed
in [38]. The system is composed of copper pipelines, and the chosen working fluid is
ethanol. Due to the LHP being a two-phase device, with a 50% filling ratio, it is assumed for
volume and mass calculation that this split remains constant. The vapour phase contributes
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negligibly to the overall mass and can therefore be ignored. The masses of both the copper
evaporator and its contained fluid are known. With these parameters established, we can
now calculate the amount of piping needed for the LHP BTMS, presented in Table 4.
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Table 4. A calculation of the amount of piping linked to the LHP BTMS.

Number of modules 32

Number of LHP required per module 2

Number of LHP fluidic lines 2

Total number of pipes 128

Battery pack length [mm] 1161.6

Average pipe length [mm] 580.8

Total pipe length [m] 74.35

Considering the total pipe length, the 50% filling ratio and the ID/OD of the pipes,
volumes, and masses of working fluid and copper pipes are estimated, giving a mass of
0.4458 kg of ethanol and 8.7037 kg of copper pipes. One copper LHP evaporator has a
mass of 0.17 kg [37]. This value was then multiplied by the number of LHPs present in
the system. The same was performed with the mass of the fluid inside a single evaporator
(0.0096 kg). As a result, the total mass of the evaporators is 10.88 kg, and the total mass of
the ethanol in the evaporator is 0.6144 kg, bringing the total mass of the working fluid to
1.06 kg. The LHP BTMS will therefore add a total of 20.644 kg to the whole battery pack,
while the cold plate BTMS added a total of 30.54 kg, representing a one-third improvement.
A summary table of the masses associated with the LHP BTMS is provided in Table 5.

As it can be observed, the data collected do not include information about the compo-
nents responsible for heat dissipation in the surrounding environment. This is because the
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heat dissipation task is carried out by the vehicle’s HVAC unit, which is located outside the
scope of this investigation. Indeed, the environmental impact of the HVAC unit and the
battery control system will be neglected during the analysis presented in this study.

Table 5. LHP BTMS component mass breakdown and total mass.

Components Materials Amount

Pipeline Copper 8.704

Evaporators Copper 10.88

Coolant (pipes) Ethanol 0.446

Coolant (evaporator) Ethanol 0.614

Total (kg) 20.644

2.3.2. Manufacturing

The next step involves identifying the manufacturing processes for each component.
Due to the absence of physical prototypes, we based our process selection on common
industry practices, supported by existing examples and industrial applications. We used
the SimaPro software package to identify appropriate datasets and included detailed
descriptions of each database entry selected. The components inputted into the software
are the circulation pump, cooling panels, and manifold.

The most commonly used process for a low-power pump made of aluminium is casting.
In this case, lost-wax aluminium casting was chosen, a process used to create objects,
from simple to complex, by pouring molten metals into molds made from wax models.
The service covers the input of aluminium ingots and alloys, casting, dewaxing, cutting,
grinding, straightening, machining, and non-destructive testing. It also includes water
and energy consumption, emissions, and end-of-life of materials. For the cooling panels, a
process called ‘Metal working, average for chromium steel product manufacturing’ is used.
The dataset represents the average production processes to transform a chromium steel
semi-finished product into a final product. The service provided accounts for machinery,
infrastructure, metal operations, and additional steel inputs to consider processing losses
but excludes the degreasing process. Finally, regarding the manifold, two processes were
considered. The first is lost-wax steel casting, which describes its production, while the
second considers the welding carried out to assemble the manifold parts. For casting, steel
input, mold production, stainless-steel and alloy casting, heat treatment, straightening,
cutting, grinding, and non-destructive testing are considered. It also includes water and
energy consumption, emissions, and end-of-life of materials. On the other hand, the process
‘welding, arc, steel’ was selected to describe the welding of metals using electricity to create
enough heat to melt the metal. This dataset uses a power supply to create an electric arc
between the metal electrode and the base material. Material input, energy consumption,
and emissions are included. In this case, to evaluate its contribution, the input required is
the length (in meters) of the weld made, lwelding. This parameter was obtained by calculating
that 4 rows of 2 pipes (inlet and outlet) of OD 25 mm were needed; hence, the total welding
layer deposited around the perimeter of each pipe amounted to 0.629 m. The summary of
the cold plate components and their masses is presented in Table 6.

The same approach is used for the collection of data concerning LHPs. Pipelines are
usually produced by extrusion, but the item referring to this process for copper machin-
ing is not available in the Ecoinvent 3 database. The alternative adopted is to describe
the manufacturing of pipes with the service ‘metal working, average for copper product
manufacturing’. This service represents the average production process to transform a
semi-finished copper product into a final product. This dataset considers machinery, in-
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frastructure, metal operations, and additional copper input to be considered for processing
losses. For the same reasons, the process chosen for the pipelines was also associated with
the construction of the copper evaporators.

Table 6. Cold Plate BTMS components, processes, and masses.

Cooling Plate Thermal Management System

Components Processes Amount Unit

Pump Casting, aluminium, lost-wax 2 kg

Cooling Panels Metalworking, average for chromium steel product manufacturing 16.5 kg

Manifold Casting, steel, lost-wax 1 kg

Manifold Welding, arc, steel 0.628 m

In LHPs, the copper wick is only located inside the evaporator and is produced by the
sintering process. Even this type of process is not provided by the database, and during
the research, numerous alternatives were attempted in order to consider the contributions
made by this service. The solution considered closest to the desired one is to at least
consider the contributions related to energy consumption from the sintering furnace. To
do this, the energy per unit volume was calculated from energy balance specific during
the sintering process and was derived from the calculation of the heat required to heat a
material to a specific temperature, considering the thermophysical properties of copper:

Q
V

= ρmcp(Tsint − Tamb)tsint (1)

where Q is the total energy [J] absorbed by the material during the sintering, V [m3] is
the volume of the material being sintered, and ρm is the average density [kg/m3 ] of the
material calculated as

ρm = ρ · (1 − porosity)

where a 50% porosity was assumed; cp is the specific heat capacity [J/kgK]; Tsint and Tamb

are the maximum temperatures [◦C] reached during sintering (875 ◦C) and ambient tem-
peratures (25 ◦C), respectively; and finally, tsint is the duration of the sintering process [s],
assumed to be 1 h. Additionally, a conservative assumption of a 30% loss due to sintering
efficiency was made. Following this process, the energy consumption associated with sintering
came to 20.4 MJ (=5.67 kWh). For a total of 64 LHP, it therefore amounts to 362.88 kWh.

Finally, the vacuuming procedure for the LHP was considered. Generating vacuum
conditions is crucial to the proper long-term functioning of LHPs. A vacuum allows
the continuous cycle of evaporation and condensation to work at lower temperatures,
accelerating the transition of state and, thus, facilitating heat transfer. This condition also
reduces the presence of residual gases and especially eliminates Non-Condensable Gases.
These elements add extra components to the working fluid, inherently increasing the
inner pressure and, hence, the working temperature of the device. In the experimental
campaign reported in [38], a vacuum was achieved through a two-stage pump system:
the first was a volumetric scroll pump (Boc Edwards XDS35i, rated at 520 W), while the
second was a turbomolecular pump (Boc Edwards EXT255Hi, rated at 250 W). With this
approach, vacuum conditions corresponding to 2.1 × 10−5 mbar were obtained. To assess
the contributions of this procedure, the power values of the two pumps and their working
time will determine their energy consumption. Considering a 3 h vacuum procedure at
each stage, 2310 Wh of energy consumption is associated with the vacuuming of a 1 LHP
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evaporator. Thus, for the whole set of 64 LHP, the total energy consumption for vacuuming
is 147.84 kWh. These values are summarised in Table 7.

Table 7. The materials, masses, and energy consumption of the manufacturing of the LHPs.

Loop Heat Pipe Thermal Management System

Components Processes Amount Unit

Pipeline Metalworking, average for copper product manufacturing 8.7 kg

Pipeline
(vacuum)

(Vacuum pumps energy consumption)
Electricity, medium voltage 147.84 kWh

Evaporators Metalworking, average for copper product manufacturing 10.88 kg

Evaporators
(wick)

(sintering energy consumption)
Electricity, medium voltage 362.88 kWh

2.3.3. Use

Evaluating the environmental impacts of the use phase makes it possible to highlight
the differences, in terms of environmental impact, that arise during the operation of the
electric vehicle and, thus, when the BTMS is activated. Significant differences in the results
are expected considering the comparison of an active system with a passive system. As
the LHP BTMS is a passive system, it does not require any external energy source; hence,
during the use phase, it provides no impact. Therefore, only the contribution given by
the Cold Plate system will be studied in this section. It is important to point out that
the two BTMSs share the same cold side, the HVAC chiller of the vehicle, which is hence
excluded from this comparison.

The cold plate BTMS, in the use phase, requires energy for the circulation pump. The
pump keeps running while driving the vehicle as well as during charging at a constant
power of 573.07 W. Hence, to obtain the pump’s energy consumption, the vehicle’s usage
time, charging time, and other key battery characteristics must be estimated. First, the
operating time of the pump is divided into two parts: the charge phase and the discharge
phase. For both phases, the BatPaC model is used to determine the ratios that define the
battery’s performance.

Assuming an average battery life of 8 years, which also corresponds to the warranty
period of most electric car production companies such as Audi, BMW, and Tesla, and
considering that statistics collected by the European Commission have reported that the
average daily time Europeans spend driving a car is about one hour [56], the total discharge
time is estimated. The charge rate and discharge rate (C-rates) are defined by the ratio
of the time the battery takes respectively to charge and discharge. A charge rate of 1C
and a discharge rate of C/3 are assumed. Hence, the total charging time is calculated as
one-third of the total discharging time. The sum of the charging time and discharging time
will give the total pump running time, which will be used for the total energy consumption
estimation, amounting to a total of 2231 kWh, detailed in Table 8. The pump running
duration was estimated considering a total driving time of 2910 h (1 h per day per 8 years).
A discharge rate of C/3 means needing charging every 3 h; hence, over the 8 years,
973 cycles of charging are needed, each of 1 h (because charged at 1C). Hence, the total
usage of the pump is 2910 + 973 = 3894 h.

Table 8. The data used for the estimation of the energy consumption needed for powering the
circulation pump of the Cold Plate system.

Pump Power [W] 573.07

Average Daily Driving Time [h] 1
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Table 8. Cont.

Battery Lifetime [years] 8

Total Driving Time [h] 2920

Charge Rate 1C

Discharge Rate C/3

Total charging time [h] (discharging time/3) 974

Pump Working Time [h] 3894

Pump Energy Consumption [kWh] 2231.15

2.3.4. Disposal and Recycling

The final step in a Life Cycle Assessment using a cradle-to-grave approach is to
consider the disposal scenario of the product. In this stage, the software considers the waste
management procedures and calculates the recycled material percentages. An Ecoinvent
dataset representing the disposal of ‘municipal solid waste’ in an open landfill with water
infiltration was considered. The duration of the operational phase is 15 years, and a
methane correction factor is used for the air emissions of the landfill [57]. Disposal is
uncontrolled, and leachate from the landfill is emitted directly without being treated. The
activity begins when the waste is available at the dump site and ends when it is disposed of,
and emissions are released into the air or water. This dataset is used in both BTMS systems,
and it has a small effect on the overall comparison.

3. Set-Up of a Sensitivity Scenario
During the first round of calculations, it became evident that copper posed a significant

environmental challenge in the system under study, especially in the resource use category,
as will be presented in the next section.

In order to find an alternative to the excessive impact on the resource use caused
by using copper, an LHP made in stainless steel (SS) is proposed. Research has proved
that it is possible to achieve a perfectly operating LHP in SS [58–62]. Stainless steel offers
environmental benefits, as its extraction is less invasive and less toxic than the mining of
copper, and it also has a high recycling rate [63]. Its mechanical properties exceed that of
copper, guaranteeing a longer lifespan, and also allow for thinner envelopes, which ulti-
mately will lead to lower encumbrance. Although copper is generally preferred for thermal
applications due to its excellent thermal conductivity, these properties of stainless steel,
together with its lower cost, make it an attractive choice for future thermal management
applications. The limitations to the use of stainless steel are its lower thermal conductivity
and manufacturability. Previous research by Bernagozzi et al. [38] has shown that a SS
LHP can provide an comparable thermal performance to the copper LHP when applied as
BTMS. This ensures a satisfactory level of confidence in suggesting this technology as a
suitable alternative.

Following a similar process as highlighted before, using the same geometries and
dimensions of the copper system, it was possible to obtain the masses for piping and a
single-LHP evaporator, i.e., 7.70 kg and 0.15 kg, respectively. The same mass of ethanol
was considered; hence, the whole LHP SS system added up to 18.39 kg, as shown in Table 9.
By recalling the values presented in Table 5 on the copper LHP, it can be seen that using
SS has resulted in a total reduction in the system weight of 2.25 kg, which represents a
40% mass reduction compared to a cold plate system.

Due to a better selection available on the Ecoinvent database, the following processes were
chosen for the SS LHP: For the pipes, an extrusion process was used; for the construction of the
evaporator, the same process shown in Equation (1) was used, with the physical properties of
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stainless steel (specific heat capacity, density, and melting temperature). Due to SS’s melting
temperature being higher than copper, normally between 1400 and 1450 ◦C depending on
the composition of the alloy, more energy is required for the sintering process, with a total of
577.92 kWh for the whole set of 64 evaporators (compared to 362 kWh in the copper case). The
processes, masses, and energy costs for the alternative SS LHP are presented in Table 10.

Table 9. Stainless-steel LHP BTMS updated components and materials.

Components Materials Amount (kg)

Pipeline Steel, Chromium Steel 18/8 7.70

Evaporators Steel, Chromium Steel 18/8 9.63

Coolant (pipes) Ethanol 0.446

Coolant (evaporator) Ethanol 0.614

Total (kg) 18.39

Table 10. The process, masses, and energy consumption associated with the production of the SS LHP.

Loop Heat Pipe Thermal Management System

Components Processes Amount Unit

Pipeline Impact extrusion of steel, hot, initial warming 7.70 kg

Pipeline Impact extrusion of steel, hot, deformation stroke 7.70 kg

Pipeline Impact extrusion of steel, hot, tempering 7.70 kg

Pipeline
(vacuum)

(Vacuum pumps energy consumption)
Electricity, medium voltage 148 kWh

Evaporators Metalworking, average for steel product manufacturing 9.63 kg

Evaporators
(wick)

(sintering energy consumption)
Electricity, medium voltage 578 kWh

4. Results
At this point, the collection of all the life cycle data of the two battery cooling systems

had been completed and the analysis could proceed with the assessment of the environmen-
tal impacts. Firstly, the characterised results from the active cold plate BTMS are presented
in Table 11 for various life cycle stages: materials and production (which includes raw
material acquisition and manufacturing), use phase, and disposal. The results of each stage
are presented for key impact categories, measured in their respective units, alongside the
total contribution from all stages combined.

Climate change (kg CO2eq) emerges as the most significant impact category, with
the use phase contributing 1.64 × 103 kg CO2eq, accounting for most of the total impact
(2.05 × 103 kg CO2eq). Ionising radiation (kBq U-235 eq) is dominated by the use phase at
5.78 × 10−5 kBq U-235 eq, with negligible contributions from disposal, and this is caused
by the adopted electricity mix. Photochemical ozone formation (kg NMVOC eq) and
acidification (mol H+ eq) also see their highest impacts during the use phase, contributing
2.39 × 102 kg NMVOC eq and 4.21 mol H+ eq, respectively. Freshwater and marine
eutrophication are relatively low across all life cycle stages, with the use phase remaining
the dominant contributor. Ecotoxicity in fresh water (CTUe) and land use (Pt) follow a
similar pattern, whereby the use phase has the largest contribution, while production
also plays a notable role. Water use (m3 deprivation) is driven predominantly by the use
phase (1.57 m3), while disposal contributes minimally. Resource use for both fossils (MJ)
and minerals/metals (kg Sb eq) is again most impacted by the use phase, with significant
contributions from materials and production for minerals/metals (1.13 × 104 kg Sb eq).
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The disposal phase generally has a minor contribution to most impact categories, except for
minimal effects in ecotoxicity and land use. Overall, the characterised results highlight the
dominant role of the use phase in driving the environmental impacts of the cold plate system.

Table 11. The characterised LCA results of the active cold plate BTMS.

Cold Plate System

Impact Category Unit Total Materials and
Production Use Phase Disposal

Climate change kg CO2eq 2.05 × 103 3.79 × 102 1.64 × 103 3.01 × 101

Ionising radiation kBq U-235 eq 8.12 × 10−5 2.34 × 10−5 5.78 × 10−5 -

Photochemical ozone formation kg NMVOC eq 2.77 × 102 3.75 × 101 2.39 × 102 -

Acidification mol H+ eq 5.70 1.49 4.21 8.95 × 10−3

Eutrophication, freshwater kg P eq 8.37 × 10−5 2.10 × 10−5 6.27 × 10−5 8.34 × 10−10

Eutrophication, marine kg N eq 2.38 × 10−5 6.48 × 10−6 1.73 × 10−5 5.11 × 10−8

Eutrophication, terrestrial mol N eq 3.23 × 10−6 2.76 × 10−6 4.76 × 10−7 6.79 × 10−10

Ecotoxicity, freshwater CTUe 1.02 × 101 1.87 8.32 1.12 × 10−3

Land use Pt 9.18 × 10−1 1.38 × 10−1 7.77 × 10−1 2.25 × 10−3

Water use m3 depriv. 2.01 4.15 × 10−1 1.57 3.08 × 10−2

Resource use, fossils MJ 1.92 × 101 3.54 1.57 × 101 1.12 × 10−4

Resource use, minerals and metals kg Sb eq 4.35 × 104 1.13 × 104 3.15 × 104 6.38 × 102

Not all the 16 impact categories presented previously in Section 2.2 are listed in Table 11.
As for some categories like human toxicity (cancer and non-cancer) and particulate matter,
the calculated impact was zero.

Using a weighting approach, on the other hand, is a useful option to highlight which
categories should be given more importance, according to the current political and social
criteria. For example, contributions related to ’Climate Change’ and ’Resource use, fossils’
usually receive higher weighting factors in this type of assessment.

This is because in environmental and socio-economical terms, global warming and
the depletion of non-renewable resources, such as fossil fuels, attract more attention,
reflecting the urgency and severity of the conditions [64]. Figure 6 presents the weighted
environmental impacts of the cold plate system across several impact categories, measured
in millipoints (mPt), where one point (Pt) represents the average annual total environmental
impact of a European citizen [65].

The results highlight that climate change is the dominant impact category, with a
significantly higher score, nearing 55 mPt. This impact greatly surpasses all other categories,
indicating its central role in the system’s environmental burden. Following climate change,
resource use (fossils) emerges as the second most significant category, with a score slightly
above 30 mPt. This suggests a high reliance on fossil resources throughout the system’s life
cycle. Other notable contributors include particulate matter and eutrophication in fresh
water, each showing moderate impacts of around 10–15 mPt. In contrast, categories such as
ionising radiation, photochemical ozone formation, human toxicity (cancer and non-cancer),
and eutrophication (marine and terrestrial) display much lower contributions, each falling
well below 10 mPt. The water use and land use impacts are minimal in comparison, barely
registering on the graph. Overall, the results show that climate change and resource use
(fossils) dominate the environmental impacts of the cold plate BTMS system, while other
categories play a relatively minor role.

In addition, the pie chart in Figure 7 shows the contributions, in percentages, of
the product life cycle stages, assuming a single score result. This makes it possible to
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understand whether the production or material collection phase has a greater impact than
the usage and disposal phase. For cold plate BTMS, as expected, the largest contribution is
produced during the use phase due to the energy required by the coolant circulation pump.
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Regarding the results of the LCA for the passive LHP BTMS, the results are presented
in Table 12. It is evident that, like in the previous case, many categories have negligible
values. Overall, the results indicate that the materials and production phases dominate the
environmental impacts across all categories for the Loop Heat Pipe system. The disposal
phase has a minimal contribution to the total impacts, reflecting the significant resource
and energy demands of the initial production stage. This suggests that efforts to reduce
environmental impacts should focus on improving the efficiency and sustainability of the
materials and production processes.

The weighted version of the data measured in mPt is depicted in Figure 8, showing a
notable peak in the impact category ‘Resource use, minerals and metals’. This is due to the
extraction and processing of copper, due to its limited availability. In fact, due to its extensive
use in industry and electronics, this material is a non-renewable metal, and the high use of
it may lead to a depletion of this resource in the future [66]. Moreover, its extraction from
mines and manufacturing requires large amounts of energy and a large territory, producing
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a great amount of waste, affecting also the categories of ecotoxicity in fresh water and land
use. For these reasons, the weighted emissions analysis assigns it a heavy importance factor,
clarifying the necessity of action in this field. However, compared to the cold plate system and
due to its passive operation, the LHP BTMS has zero contribution in the utilisation phase, as
shown in Figure 9. Interestingly, due to the significant impact of using copper, the percentage
of resources used in disposal is also negligible.

Table 12. The characterised LCA results of the passive LHP BTMS.

Loop Heat Pipe system

Impact Category Unit Total Materials and Production Disposal

Climate change kg CO2eq 6.14 × 102 5.94 × 102 2.03 × 101

Ionising radiation kBq U-235 eq 4.58 × 10−5 4.58 × 10−5 -

Photochemical ozone formation kg NMVOC eq 1.04 × 102 1.04 × 102 -

Acidification mol H+ eq 3.54 3.53 6.05 × 10−3

Eutrophication, freshwater kg P eq 4.78 × 10−5 4.78 × 10−5 5.64 × 10−10

Eutrophication, marine kg N eq 1.71 × 10−4 1.71 × 10−4 3.45 × 10−8

Eutrophication, terrestrial mol N eq 2.47 × 10−6 2.47 × 10−6 4.59 × 10−10

Ecotoxicity, freshwater CTUe 1.49 × 101 1.49 × 101 7.54 × 10−4

Land use Pt 1.20 1.20 1.52 × 10−3

Water use m3 depriv. 1.11 1.09 2.08 × 10−2

Resource use, fossils MJ 1.31 × 101 1.31 × 101 7.60 × 10−5

Resource use, minerals and metals kg Sb eq 1.12 × 105 1.12 × 105 4.31 × 102
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In order to understand whether the proposed solution is advantageous with respect
to the traditional BTMS, it is now useful to compare the output of the two presented so
far. The comparative results are presented in Figure 10, as percentages of the total for each
impact category. It can be observed that by excluding the categories affected using copper,
particularly in the resource use category but also freshwater ecotoxicity and acidification,
the performance in terms of the environmental impact of the LHP system is similar and,
in most cases, better than those shown by the cold plate. Furthermore, it was explained
that in the traditional system, the greatest contribution is made by the use phase, a scenario
that therefore depends on the time and distances over which the vehicle is used. It must
therefore be kept in mind that the longer the use phase, the greater the advantages of the
passive system over the active one.
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These results, together with other technical characteristics such as weight and volume
reductions, show that LHPs appear to be a good solution to replace the traditional cooling
system. However, changes must be made to solve the problems associated with the
exploitation of non-renewable resources in order to eliminate the negative effects obtained.
The first option is to replace the metal used to make the components with alternative
materials. In doing so, it will be necessary to verify that performance improvements are
achieved without negatively affecting the other impact categories. The next section of the
present paper will show the results of an alternative LHP made from stainless steel (SS).

5. Sensitivity Analysis—Results for SS LHP and Comparison
The alternative LHP made with SS was studied to limit the impact on the use of resources

such as minerals and metals. Previous results showed that using SS instead of copper and
keeping the same dimensions reduces the thermal performance of the BTMS, due to SS's lower
thermal conductivity [39,67]. However, they would also reduce the cost of the system and, due
to the higher tensile strength, would allow for a thicker LHP envelope, which would in turn
reduce the thermal resistance and improve the thermal performance. Nevertheless, the aim of
this work is to discuss the environmental metrics of the analysed technologies.

From the updated LCA results presented in Table 13 and in the comparison with
copper shown in Figure 10, it is evident that now resource use is much less impactful, and
there is also an overall reduction in all other categories. This proves that the use of SS
would mean a significant improvement in the overall environmental impact of the LHP
technology selected for the proposed BTMS.

Table 13. The characterised LCA results for the SS LHP BTMS.

Loop Heat Pipe System in Stainless Steel

Impact Category Unit Total Materials and Production Disposal

Climate change kg CO2eq 6.46 × 102 6.28 × 102 1.81 × 101

Ionising radiation kBq U-235 eq 8.51 × 101 8.51 × 101 -

Photochemical ozone formation kg NMVOC eq 1.67 1.66 5.39 × 10−3

Acidification mol H+ eq 3.16 3.16 6.72 × 10−4

Eutrophication, freshwater kg P eq 2.83 × 10−1 2.82 × 10−1 1.35 × 10−3

Eutrophication, marine kg N eq 6.20 × 10−1 6.02 × 10−1 1.86 × 10−2

Eutrophication, terrestrial mol N eq 6.04 6.04 6.77 × 10−5

Ecotoxicity, freshwater CTUe 1.35 × 104 1.32 × 104 3.84 × 102

Land use Pt 1.60 × 103 1.60 × 103 6.91

Water use m3 depriv. 1.23 × 102 1.23 × 102 -

Resource use, fossils MJ 7.99 × 103 7.99 × 103 -

Resource use, minerals and metals kg Sb eq 3.28 × 10−3 3.28 × 10−3 -

Finally, it is possible to compare the updated innovative BTMS, using SS LHPs, with the
benchmarked active cold plate BTMS. The results presented in Figure 10 show clearly that
the proposed BTMS offers significant benefits in all the environmental categories considered.
In fact, it provides a 52% reduction in kg CO2eq, and a more than 50% improvement in all
the other categories, with a peak of a 60% improvement in freshwater ecotoxicity. Due to its
passive operation, LHP results in lower power consumption and a lower impact on climate
change related to fossil fuels. High levels of GHG emissions were produced with the cold
plate, amounting to a total of 2045 kg CO2eq. With the first version of LHP, the production
of GHGs was reduced to 614 kg of CO2eq. In the case of the LHP system made of stainless steel,
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these levels experienced insignificant variations, bringing GHG emissions to 646 kg CO2eq, still
highly advantageous compared to cold plate rates.

6. Conclusions
This paper presented a comprehensive Life Cycle Assessment to evaluate the environ-

mental impacts of two Battery Thermal Management Systems (BTMSs) for electric vehicles:
a traditional active cold plate system and an innovative passive system using Loop Heat
Pipe (LHP) technology. The cold plate system is already well established and widely used
in the automotive market due to its high efficiency. However, this analysis revealed that its
active nature requires a continuous supply of energy, during both operation and charging.
This has resulted in significant energy consumption and a higher environmental impact.

These findings led the investigation towards the alternative passive LHP solution,
which offers numerous advantages. The elimination of dependency on an external energy
source allows the LHP system to demonstrate a considerable reduction in the climate change
category, producing a significant decrease in greenhouse gas emissions. Additionally, its
passive nature enables a simplified design with fewer components, translating to a lighter
structure. The data show the LHP system provides a 9.9 kg reduction in the overall BTMS
mass compared to the cold plate system, offering benefits not only in environmental terms
but also in vehicle performance.

In the second part of this study, a different LHP design was proposed, replacing
copper with stainless steel as the building material. This change successfully addressed
the high peaks in the resource use category observed in the initial copper-based LHP
design, significantly reducing the negative impacts of material extraction and processing.
Meanwhile, the positive effects of the passive LHP technology were preserved:

• The LHP BTMS using stainless-steel components has over 50% lower impact across
most environmental impact categories compared to the cold plate BTMS. This includes
a 52% reduction in greenhouse gas emissions (kg CO2eq) and an over 60% improvement
in freshwater ecotoxicity.

• The use of stainless steel instead of copper in the LHP system greatly reduces the
impact on resource use, particularly for minerals and metals. This addresses a major
weakness of the initial copper-based LHP design.

• The passive operation of the LHP system, without the need for a power-consuming
coolant pump, leads to substantially lower energy usage and emissions during the use
phase compared to the active cold plate.

• The LHP BTMS using stainless-steel components achieves a 40% reduction in overall
system weight compared to the cold plate, which can provide additional benefits in
vehicle applications.

The results demonstrate the potential of LHP technology as a promising low-impact
alternative for future electric vehicle thermal management systems in comparison to the
traditional active cold plate system in terms of environmental sustainability and resource
consumption. The development and adoption of this passive cooling approach can lead to
significant improvements in the environmental impact of electric vehicle battery systems.
Moreover, given that this is the first LCA of LHP, it suggests that heat pipe manufacturers
worldwide should include this analysis when proposing this technology to the industry.
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