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Abstract: Based on the consideration of various environmental problems caused by human activities,
energy transition solutions are starting to emerge. Power electronics will be central to these transitions.
The level of knowledge linking power electronics and sustainability remains very limited today,
and the study of the environmental impacts tied to the mass-scale deployment of power electronic
systems across all sectors of activity is now essential. This study presents the life cycle assessment
of a power electronic inverter capable of delivering a power of 150 kW, operating with an average
450 V DC bus for 15 years with 10,000 operating hours. The main hotspots are investigated to offer
recommendations to designers. The most important impact highlighted is the depletion of mineral
resources. Manufacturing and use are the two subsections with the highest environmental impact.
Manufacturing is dominated by the casing and power module (specifically, the electric contacts,
baseplate, and die). These results make it possible to orient an eco-design action with technologies
capable of creating an evolution in hotspots. However, they also serve to consider scenarios involving
a circular economy by setting up maintenance, recycling, and reuse loops in the inverter, combined
with modularity and self-diagnostic functions.

Keywords: power electronics; inverter; life cycle assessment; environmental impacts; eco-design

1. Introduction

Power generation, transportation, and industry are the three main sectors producing
greenhouse gases across the world (41%, 25%, and 18%, respectively, in 2018) [1]. It is
therefore most important to act upon these distinct areas of activity. The reduction in
impacts arising from the means of energy production and use of electrical energy requires
a near-generalized and mass-scale application of power electronics systems [2—4]. These
new means of energy management could prove to be “poor solutions” if the issue of the
environmental impact of these systems is not incorporated into research.

Power electronics (PE) and electronics have allowed for rapid social development as
well as the operations of currently widespread technologies, which is why static PE systems
are ubiquitous; the mention of 53 Mt in the Waste Electrical and Electronic Equipment
(WEEE) Directive in 2019 provides sobering evidence of this [5]. Moreover, PE is and will
remain at the heart of both energy production [6,7] and electric mobility [8,9], constituting
an essential link in the ongoing energy transition. However, PE systems are complex, have
high technological value, and are composed of a large number of materials [10], some
of which are already considered critical. In addition, manufacturing processes require
advanced infrastructure, which adds further intrinsic value to the product [11]. Electronic
products therefore generate significant environmental impacts, even when compared with
larger, more complex systems. One example is the percentage share that electronics have in
the mass of a car glider (0.3%) compared with its impact on climate change (17.7%) [12].
For this reason, it is necessary to eco-design and eco-optimize such systems, i.e., by im-
plementing a product design approach that pays special attention to the environmental
impacts of a product over its entire life cycle, and is optimized to achieve the maximum
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possible reduction. However, depending on the system, eco-design data are very limited
or, in some cases, nonexistent for PE systems. Hence, we must start with a calculation of
environmental impacts. There is a consensus on the life cycle assessment (LCA) technique;
it is a multi-criteria method that enables rigorous comparison of various designs due to
avoiding the transfer of pollution between the different impacts [13,14].

Few studies in the literature focus on PE while confronting the problems of inventory
imprecision, transparency, or results merely presented as Global Warming Potential (GWP
COqeq). For example, a study of an IGBT power module [15] focuses only on climate
change. Another study [16] presents three simplified LCAs of electronic products, including
a variable-speed drive; however, the results are normalized, and the inventory is not
transparent. An LCA of a photovoltaic inverter [17] presents a subdivision of the results
that is not relevant for a PE designer and does not present a power module in its inventory
because of a different technology. The LCA of a power module [18] has non-transparent
input data and normalizes its output results, which makes the study irreplicable. Other
LCA studies have been published and/or proposed on systems containing PE; however,
these studies rarely explicitly focus on PE systems, which are only considered as part of a
subassembly (black box type). For example, in Temporelli et al.’s [19] review of the LCA of
an electric car, the focus is essentially on the battery part of the car and does not consider
the inverter. Another study [20] presents a review of the LCA of an electric car focusing
on the use of resources while other environmental impacts are missing and the inverter
part is seen as a black box with an imprecise inventory. The same remark can be made
for [21]. Even if a specific inventory of PE were to be introduced, this part tends not to
receive any specific focus, simply providing an overall LCA result that does not reveal
which subpart, material, or process is the most impactful [12]. A PE designer cannot use
existing information in this form to eco-design or eco-optimize the PE. Indeed, the designer
needs an accurate and detailed LCA for the purpose of building an eco-design parametric
method in PE. As explained above, the hotspots (the most impactful parts) on which to act
are not precisely known (eco-design). In addition, the data cannot be extended to other
architectures (eco-optimization). The uncertainties are rarely mentioned but are useful not
only for the reliability of the results but also in comparative studies. The present study is
based on this context.

The aim of this article is to offer an environmental vision of a PE product in relation to
its materials, manufacturing processes, use characteristics, and end-of-life, in addition to a
precise assessment of which part proves to be the most impactful. Moreover, it presents a
life cycle assessment of a PE system—specifically, an inverter—but also, crucially, represents
the first step in the eco-design of a PE product. A parametric eco-design method can then be
developed with the precise system presented in this article as input. Having a precise model
allows one to make modifications with full knowledge of their impacts. It is important to
remember that an LCA study is dependent on all the choices that precede the result. All
these choices are summarized in Sections 2 and 3 of this article.

This study is based on a 150 kW reference inverter, with the HybridPACK Drive being
in kit form [22]. This inverter is recent, typical, and well documented. The inventory values
have been retrieved from several sources, including technical documentation and reverse
engineering. When inventory values are missing, they have been extracted from Nordelof
and Alatalo (2017) [23]; a scalable life cycle inventory (LCI) model provides the mass of
each inverter component along with the processes.

Section 2 discusses the LCA methods through the studied product, while Section 3
details the methods employed to consider uncertainties in the LCA. Section 4, Section 5,
and Section 6 develop the set of results obtained.

2. Materials and Methods—LCA

The LCA is defined as a standardized multi-criteria method [24,25] that quantifies the
impacts of a “product” from the extraction of its raw materials to its end-of-life disposal,
including the distribution and use phases, or “from cradle to grave.” Its objective is to
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present a global vision of life cycle impacts in order to inform, compare products, or
improve a system. This decision-making tool was designed to assist with industrial or
public policies.

The LCA is divided into 4 steps, as described in Figure 1: the definition of study
objectives and scope; the inventory of material and energy flows associated with the life
cycle stages pertaining to the functional unit selected; an assessment of potential impacts
from the identified flows; and lastly, the interpretation of results obtained with respect to
the initial objectives.
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Figure 1. Principles of the LCA based on the study data. The 4 LCA steps correspond to the
4 highlighted areas.

2.1. First Step: Scope

The functional unit (FU) is a foundational step in any LCA; it is used to rigorously
define the framework for the studied system as well as to set the study boundaries, which
should be the same as those used to conduct a comparative study. The FU is constructed
so as to specify a quantity of product, a unit of operating time (indirectly linked to its
quality), and, subsequently, a performance context. The lifetime of PE can be highly
variable depending on the application, ranging from 5 years for some inverters used in
industry to 30 years for rail transport [26]. For this study, an inventory of traction inverters
was prioritized with a 15-year average lifespan for the automobile, thus corresponding
to 10,000 h of functional unit operations. In addition, this study assumes the lifetime to
be equivalent to the useful life; hence, no replacement during the use period shall be
considered.

The FU of our study is defined as follows:

Generate a three-phase AC electrical operating point for a 150 kW load (electric machine) from
a 450 V DC power source, based on a lifespan of 15 years, i.e., equivalent to 10,000 h of operation.

The LCA is a multi-criteria tool, and both its impact categories and midpoints were
selected according to the product environmental footprint (PEF) method guide [27], as
summarized in Table 1 below.

Table 1. Midpoint impacts and their abbreviations used in this LCA.

Climate change GWP Ecotoxicity, freshwater FET
Ozone depletion OD Water use WD
Resource use, fossil fuels FD Eutrophication, freshwater FE
Human toxicity, cancer HT Eutrophication, marine ME
Human toxicity, non-cancer HTNC Acidification TAP
Particulate matter PM Eutrophication, terrestrial TE
Ionizing radiation IR Resource use, minerals, and metals MRD

Photochemical ozone formation POF Land use LU
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2.2. Second Step: Inventory

The inventory step is one of the most time-consuming and sensitive in the LCA process.
The goal was to identify all the elementary flows necessary to achieve the studied product,
in this case, the power inverter. These flows are defined as the material/energy enter-
ing/leaving the system under study that was extracted from/released to the environment
without prior adverse human transformation [28]. Such flows are essential and were used
to calculate the environmental impacts during Step 3 of the LCA. The overall functioning
of our study, in relation to our inventory, is summarized in Figure 1 and explained below.

Environmental impacts are correlated with the corresponding sustainable develop-
ment goals.

Elementary flows are typically difficult to determine, and only complex flows can be
known, i.e., an aggregation of elementary flows, waste, byproducts, processes, etc. Such
flows require additional modeling efforts in order to be transformed into elementary flows.
Consequently, we relied on a database herein, namely Ecoinvent (Zurich, Switzerland).

This database models human activities or processes by measuring the natural resources
extracted from the environment, the emissions released into water, soil, and air, the products
demanded by other processes (electricity), and, naturally, the products, co-products, and
waste. Ecoinvent V3 is one of the most widely used databases in the field of LCA due to
the completeness of its catalogue.

First, the studied flows refer to a reference inverter from Infineon (Figure 1), i.e., the
HybridPACK Drive in kit form [22]. Infineon provides open-access information relevant to
the LCA study.

Second, a study conducted by System Plus Consulting (a firm specializing in reverse
engineering, based in Nantes, France) on the FS820R08 A6P2B HybridPACK Drive 750 V
IGBT, the power module used herein, has yielded accurate and complementary information
on this part [29].

The final inventory was completed with flows from the 150 kW inverter introduced in
the study by Nordelof (2017) [23]. These flows are presented in a scalable LCI model (the
Chalmers model); this inventory represents the evolution of the mass of each component
of the EV inverter as a function of the inverter power. The Chalmers model plays an
important role and can be explained by 3 aspects [23]: a lack of data in the field of PE; the
observation of a correlation between inverter volume and power; and the goal of allowing
LCA practitioners (not necessarily from the PE field) to access a fast tool whose input
values are easily found. Therefore, electric power is the main selected input parameter.
The power can vary from 20 to 200 kW, while battery voltage ranges from 250 to 700 V
depending on the type of vehicle, from a mild hybrid to a fully electric car. The Chalmers
model was devised in collaboration between researchers with different expertise in LCA
and PE design. Component design data were compiled from material content statements,
technology benchmarking literature, industry experts, and product descriptions. This
model represents “gate-to-gate,” i.e., solely the production of the inverter, from materials
to the final usable unit.

The Chalmers model is not fully employed for manufacturing given its non-representation
of an existing inverter for the functional unit, thus potentially leading to an error in the
estimation of materials and processes. Therefore, HybridKit Drive served as the starting
point of the study, and Chalmers filled in the missing data. In addition, Chalmers developed
his model with two reference inverters of the same family as that studied herein, allowing
for a simpler correlation. Appendix A indicates the changes made in the Chalmers model
in order to accommodate the HybridKit Drive.

Table 2 presents the overall structure of the proposed system with all the various
subparts, along with a summary of their relevant key information. The weight of the
inverter (corresponding to the FU) and each subpart is shown in Figure 2a, where the main
part is the casing (=7 kg). Figure 2b provides the electrical diagram of the studied inverter.
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Table 2. Composition of the inverter.

Subpart Scaling and Information Source
Aluminum housing, protected by a varnish.

Casing Geometrically modeled to consider all other subparts. The cooler represents the lower part of [23]
the housing.

Power module

IGBTs and diodes are used, FS820R08A6P2B HybridPACK Drive 750 V IGBT. The chips are
soldered to the direct copper bond (DCB) and interconnected with wire bonds. DCB is soldered
to the baseplate (copper). A plastic frame closes the entire assembly with accessible copper
terminals. Silicone gel is deposited on the chips. The copper surfaces are nickel-plated, some
connections are gold-plated (to reduce electrical resistance). The power terminals are made of
galvanized steel for screw connections to external busbars.

[22,23,29]

DC link capacitor

TDK/Epcos Capacitor B25655P5507K, C = 500 uF, Vdc = 500 V, Imax = 120 A. A brick-shaped
plastic film-type capacitance is selected. A superposition of plastic dielectric layer and electrodes
(tin and zinc).

The mass of the capacitor evolves with both the power and DC bus voltage.

[23,30]

Busbar

Copper layers, insulated by a polymer (PET).

The busbar weight evolution follows a design rule for the cross-section; it allows for proper

system functioning at specific power levels. Moreover, it is directly correlated with mass. The [23]
weight is also correlated with the length, as determined by the geometry of the inverter, and

evolves with the power.

Printed circuit
board (PCB),
driver, and logic
boards

Identified as standard, 6 layers, type FR-4. The components are of the SMD type (volume
determined with a list of identified components), soldered with Sn95.5Ag3.9Cu0.6. A
polyurethane layer is added on both sides.

No correlation was found between the power of the inverter and the volume of the boards; hence,
the mass of the driver and logic boards was identified as a constant vs. both power and DC

bus voltage.

[22,23]

Connectors,
spacers, glands,
screws, and
washers

Cable glands are made of brass and are nickel-plated. Inserts, seals, and O-rings are made of

nylon and thermoset elastomers.

The external communication connector is patterned (molded plastics, brass pin conductors, and [23]
gold-plated contacts).

Screws and washers are made of low-alloy steel and galvanized for assembly.

® Power module

= DC-link capacitor

= Aluminum casing

compartment and heatsink)
Laminated bus bar

= PCB

Glands, Uniting parts and

grease

. Inverter
1.93% 9.52% DC link
capacitor Power module
(housing
— 11kg T —
o5 80% AAAAAAA
Driver & Logic board
(a) (b)

Figure 2. (a) Mass diagram of a 150 kW inverter with 450 V DC bus, total weight = 11 kg; (b) Electrical
diagram.

Clearly, the inventory must be carried out over the entire life cycle, hence the name
LCI. However, the Chalmers model only focuses on manufacturing, so the three missing
parts needed to be added, namely, product transport, use, and end-of-life.

For the transport component, in the absence of specific data, the product environ-
mental footprint (PEF) proposed a default scenario with different types of transportation
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options, vehicles, and loads. The default scenario was selected [27], from the factory to the
distribution center and on to the final customer.

End-of-life (EoL) is the last stage of the product once it has been fully used; this is
the recycling stage. PE in EVs today is shredded and post-processed, with a very small
quantity of the materials being recovered [31]. The Ecoinvent “waste electric and electronic
equipment” process was employed here since it effectively represents today’s EoL treatment
of an inverter. Moreover, it describes the mechanical treatment (including the previous
manual depollution step with all necessary facilities) of waste from electrical and electronic
equipment (WEEE). This process separates the waste into fractions: ferrous materials,
aluminum, copper, and residues. The treatment of these fractions has not been considered
in the present study.

Lastly, the use phase accounts for the energy losses of the inverter. As described
for the functional unit, the lifetime of the automotive domain was adopted [26], namely
15 years with 10,000 h of operations, or 300,000 km. To calculate the losses, the average
consumption of an EV in use was scaled over its lifetime and then multiplied by the
inverter loss ratio (Equation (1)). An equivalent efficiency of 97% over an operating cycle
was considered [32]. This value was calculated according to a standardized driving cycle
(Worldwide Harmonized Light Vehicle Test Procedure (WLTP)) and was given by the ratio
between the energy supplied by the converter to the load and the energy absorbed by
the inverter. In the considered case, load energy is 2.7614 kWh, and the inverter losses
are 0.0706 kWh during one WLIP cycle. Volkswagen ID.3 150 kW was selected for the
consumption [33], with an average of 16 kWh/100 km over the entire lifespan. For a
lifespan equivalent to 300,000 km, an energy loss over the life cycle equal to 1440 kWh was
obtained. A global energy mix was selected for the electricity process in Ecoinvent.

Energy losses = EV Consumption per km * Number of km x (1 — inverter ef ficiency) (1)

3. Analysis of the Uncertain Nature of the LCA
3.1. Context

While the life cycle assessment tool is currently the most relevant to calculating
environmental impacts, its use suffers from a number of uncertainties that are present not
only in all stages of the product life cycle but also in all stages of LCA creation [34-37].
An incorrect diagnosis may be given—in particular, when two products are compared,
one may appear better than the other—yet an uncertainty study would reveal the possible
variations in overlapping values, thereby leading to completely different conclusions [38].

3.2. Methods

Various types of approaches are available to consider uncertainties [39], either by
trying to reduce them or by including them in the final result. This study will focus on a
probabilistic approach that allows quantifying variations in the results. Such quantifications
can be obtained by means of several methods, in this case via an uncertainty analysis and a
sensitivity analysis. The two methods are intimately linked [40] through the uncertainties
in model input and output and depending on the sensitivity of the system.

Uncertainty analysis (UA) is a methodology used to quantify the level of uncertainty
in the model output as induced by the different sources of variability; its purpose, therefore,
is to propagate the uncertainties through the model [38,41]. The sensitivity analysis (SA)
conveys the weight of assumptions in the model input relative to the model output [42].
This step can represent assumptions on, for example, input values (flows) and scenarios
(e.g., energy mix). In this study, SA was conducted solely on input quantity variation. UA
and SA may be performed in a variety of ways [38].

For UA, the Monte Carlo method of N iterations based on a sampling of input flows
was selected [43]. The underlying principle is to calculate the environmental impacts by
varying the input flows with respect to their potential values, as well as the number of
iterations defined; the output distribution function can then be analyzed. The analysis will
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only present a result relative to the uncertainties of the inventory flows and not of other
sources. The difficulty of this method lies in the need to know the distribution function
of input flows, or at least a representative sample. Unfortunately, during the inventory
creation phase, the data collected were unique, as is the case for the Chalmers model.
Therefore, the so-called semi-quantitative/hybrid technique, i.e., the “simplified standard
procedure”, is to be added [44]. This technique serves to determine the standard deviation
of each distribution based on a “pedigree” matrix, as a qualitative flow scoring matrix
derived from six characteristics: “reliability”, “completeness”, “temporal correlation”,
“geographic correlation”, “further technological correlation”, and “sample size”. This
procedure is correlated with the lognormal distribution; it offers the advantage of being
external to the system, i.e., it can be directly used with the LCA software without having to
modify the environmental calculation code. The Chalmers model includes in its dataset
the various parameters of the lognormal distribution function for each flow related to the
“simplified standard procedure”, that is, the geometric standard deviation (GSD) image of
the “pedigree” matrix and the geometric mean (ug) together equal the deterministic value
of each flow [23]. For the flows added to the study of transport, use, and EoL, the same
procedure is employed.

For SA, the principle of the one-at-a-time (OAT) method is adopted to calculate the sen-
sitivity of flows [43]. This method consists of analyzing the evolution of the environmental
impacts in an output when a variation is applied to an input.

4. Results
4.1. LCA of a Power Inverter

The results of the LCA are presented and discussed in this subsection; these results
constitute the study of the functional unit (FU) of an inverter generating an AC electrical
operating point for a 150 kW load from a DC power source of 450 V, based on 15 years and
10,000 total operating hours. This LCA uses the Chalmers model to obtain the “gate-to-gate”
inventory, i.e., manufacturing, along with the literature dedicated to transport, use, and
end-of-life. The complete methodology is described in Section 2.

An analysis of the entire life cycle of the inverter is shown in Figure 3. Two main
components of the LCA emerge for all types of environmental impacts: manufacturing
and use.
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Figure 3. LCA results of an inverter operating point for a 150 kW load from a DC power source
of 450 V, based on 15 years and 10,000 operating hours. This output conveys the standardized
environmental impacts, according to the European Commission [27]. All abbreviations are presented
in Table 1.
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Transport and the end-of-life are the two life cycle components having the least impact
on the environment. Together, they do not exceed 4% of the environmental impacts in
each category (ozone depletion (OD) ~4%, land use (LU) ~3%, etc.). Depending on the
environmental impacts, end-of-life is two to one hundred times less than transport.

Use is predominant in 12 impact categories: GWP ~ 75%, IR ~ 87%, FD ~ 78%, etc. It
is important to note that use represents electrical energy and is therefore directly correlated
with the chosen method of electricity production. This feature can have a tremendous
impact on the final results [45]. For example, in the French energy mix (with a majority of
nuclear), the score on ionizing radiation can be multiplied by five and divided by seven
for the global warming potential. This is because nuclear power plants use radioactive
materials as their main fuel, the extraction of which increases IR [46]. A country such as
China, which generates its electricity mainly with coal power plants, plays a larger role in
climate change (GWP). The utilization phase is highly dependent on the energy mix from
an environmental point of view.

Product manufacturing is also an important component since it takes precedence over
four different impacts. More specifically, it exceeds 60% in the following categories: human
toxicity (=61%), non-cancer human toxicity (=64%), freshwater ecotoxicity (=62%), and
mineral resource depletion (=94%). The discussion on manufacturing is developed in the
following sections.

4.2. Hierarchy/Communication of Results

The results of an LCA can be difficult to interpret, given not only the multi-criteria
aspect of an LCA, which requires a multidisciplinary understanding, but also the complexity
of relating the intermediate impacts to reality. One way to simplify this matter is to
normalize the results to a unit that is known and visualizable by the reader, which would
also provide insight into the real importance of impact results for our case study. It should
be noted that this procedure can add sources of error due to the use of a reference value
(which is far from perfect) in finding the normalized result [47]. Thus, Figure 4 presents
the results in a more instructional format. The aim is to correlate the planetary limits [48],
which comprise the nine limits not to be exceeded in order to provide humanity with a safe
and fair development framework, i.e., climate change, biodiversity loss, disruption of the
biogeochemical cycles of nitrogen and phosphorus, land use change, ocean acidification,
global water use, stratospheric ozone depletion, increase in aerosols in the atmosphere, and
introduction of new entities into the biosphere.

140.00%
120.00%

100.00%

80.00%

60.00%
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Figure 4. Hierarchy of environmental impacts, with the use of planetary limits as normalization.
Environmental impacts calculated for an inverter operating point with a 150 kW load from a DC
power source of 450 V, based on 15 years encompassing 10,000 operating hours. This depiction
represents the standardized environmental impacts, according to the European Commission [27].
Relevant abbreviations are presented in Table 1.
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Based on the work on planetary limits and the summary of the link to LCA in the
form of NF-normalized factors [49], Figure 2 shows the comparison between planetary
limits per person per year (N fqiopal / person.year) and the environmental impacts of the 150 kW
inverter. This reflects a hierarchy of the significance of the inverter’s impacts in relation to
planetary limits.

As shown in Figure 4, it is possible to direct future actions aimed at reducing environ-
mental impacts by knowing the order of magnitude. As an example, Figure 3 shows the
impact of ionizing radiation (IR) on the use; consequently, a design effort can be engaged
to increase the inverter efficiency, thereby decreasing the losses and thus decreasing the
use share of IR. However, in this example, improving efficiency could mean increasing the
need for materials (e.g., oversizing components) and therefore potentially increasing the
depletion of resources, minerals, and metals (MRD). Figure 4 shows that MRD constitutes
the most significant impact, while IR is among the least significant compared with the
planetary limits. Taken as an improvement, the decrease in energy consumption during the
use phase is not relevant in this example.

4.3. “Gate-to-Gate” Inverter Environmental Impacts

As highlighted in the previous section, manufacturing is among the most impactful
“hotspots.” However, the inverter is not manufactured from a single block; rather, it is
composed of several subparts. A particular development of the tree structure was thus
chosen. In this study, the inverter was divided into seven subparts: the power module,
bus capacitors, aluminum housing, busbar, PCBs (gate drivers and logic control cards),
hardware (cable glands, seals, and spacers), and an assembly service.

Figure 5 displays the various environmental impacts associated with manufacturing
the 150 kW inverter by subpart. The three subparts with the smallest impacts are: PCBs
(~17% for ionizing radiation); cable glands, seals, and spacers (=18% for non-cancer
human toxicity); and assembly (8% for abiotic resource consumption). The impact of
PCBs is explained not only by their composition of integrated circuits, which are not very
environmentally friendly elements, but also by the FR4 panels used for their substrates.
The use of brass for the cable glands and the need for electrical power for assembly are
impactful. The three-subpart grouping mentioned above is followed by the busbar, which
lies around 20% for human toxicity, excluding cancer (226%), freshwater eutrophication
(=18%), and freshwater ecotoxicity (~15%). The DC link capacitor exerts a large impact on
OD (=19%), IR (~21%), POF (~17%), WD (~16%), and LU (~16%). The DC link capacitor’s
environmental impacts are mainly due to the production effort. It is important to remember
that the process used in Ecoinvent for the production effort of the capacitor does not make
any distinction between the type of capacitor but is an average of all the production efforts
of all the types. Furthermore, the use of metal, specifically copper, is an aggravating factor
for the environmental impact of the DC link capacitor and the busbar.

Lastly, two hotspots still exist, namely the power module and aluminum case. The
power module is dominant for OD (/31%), HTNC (~22%), IR (=28%), FE (~28%), FET
(~28%), and MRD (~236%). Alternatively, the aluminum case predominates for GWP
(=57%), HT (=50%), PMF (~62%), POF (~247%), TAP (~48%), TE (~43%), ME (~45%), and
FD (~50%). For aluminum casing, the environmental impacts are mainly dominated by
the primary aluminum ingot. Metals are difficult to obtain due to their proportion in the
ground and the processes required to obtain an ingot. The energy required for die-casting
and the use of anti-corrosion resin also cause environmental impacts. The discussion on
the power module is developed in the following sections.

In returning to Figure 4, it can be observed that the manufacturing part plays a role in
the largest impacts. Zooming in on the manufacturing presented in Figure 5 shows that,
for these same impacts, some subparts are predominant, as they correspond well with the
hotspots mentioned earlier, as well as the power module and aluminum case.



Energies 2023, 16, 2192

10 0of 18

100% 9.08x10*° 4.13x107 2.34x107

=7

1.45x 107

90% ﬂ i e ' . ] .
2 1
1.15x10" ! 131x10 8.73x10° .
80% 655x107 a0 40 1.14x10" 1.37x 10
0 252x10" 3.85x107

70% %
60% BN B
s0% [ :
40% :
0% N
20% E %
10% f o
0% M

1.08 x 10~°

9
o
-
x
o
=
~N
©
i
o
-
x
©
S
on

4.32x10°° 4 79x107 1.18x10* 4 23x10%  6.65x102 1.78x10" 1.99x10 1.58x10* 3.62x10" 3.68x10*° 6.68x10° 1.18x10'> 1.08x10°?

—— - I _—

i 2.66x 10" 1.99x 102 —
7.18x10 X e 1.86x10%

- 52310

1.24x10%
1 3.68x 10"

1.04x10%

1.76x 10

593907
4.44x 107

4.51 x 10*°

o
?
=)
4
x
~
&
i

7.30x 107"

%
T =)
o el
=1 x
x =)
o ]
=] ~
~

1.39x10°°

1.78x 10"

2.09x 10*°

5 o
9 g

)
=) =
x x

m
2 o
= ©

5.93 x 107

o
2
=]
=
x
~
%3
<

2.37x 10
5.06 x 107"
2.90x 10*' 1.8EX 0
4.91x1073

6.21x 10*°
1.87 x10*2 5.35 x 10 EEEEEENIEE

9.21 x 107 3.01§ 80

8.16x 1072 4.84x107
5.30x 10*? 3.83 x 10*?

9.13x107"

9
o
-
x
©
%
~

x
<
O
~
w

p
o
-

x
)
)
-
P

p
o
-

x
n
*
o0

©
5 4
= =
x x
0

) N
=) ~
© -
) )
- -
x x
0

0 P
~N ~

6.33 x10*? 5.48 x 10*2

3.86 x 107"

GWP 0D HT HTNC PMF IR POF TAP TE FE ME FET WD MRD FD LU

B Power module M DC link capacitor m Casing = Busbar m PCB ' Cable glands, seals and spacers M Assembly

DCB ere bond

Silicone gel Die

Figure 5. Standardized environmental impacts of the “gate-to-gate” manufacturing phase, at the
inverter operating point for a 150 kW load, from a DC power source of 450 V, in applying the European
Commission recommendations for choosing impact categories [27]. The associated abbreviations are
presented in Table 1.

4.4. “Gate-to-Gate” Power Module Environmental Impacts

During the manufacturing phase, certain subparts stand out. The power module is
among the “hotspots” linked to inverter manufacturing. As for the inverter, the power
module can be subdivided into distinct subparts (Figure 6a): the chips (IGBTs and diodes),
contacts (wire bonds, auxiliary terminals), DCB, copper baseplate, terminals, screws, and
washers (power part), frame, lid, and final assembly.

L
\
\
|
|

Solder

(@) (b)
Figure 6. (a) Power module cross-section; (b) Open FS820R08 A6P2B HybridPACK Drive [29].

Figure 7 shows the environmental impacts of the power module present inside the
inverter. The assembly oscillates between ~12% (POF) and ~3% (FET), caused mainly by
using soldering paste. Frame and lid are lower-impact parts, with the use of polyphenylene,
which is a thermoplastic. Terminals, screws, and washers exert minimal impact, except for
HT at ~30%, due to the use of raw material, steel. In contrast, DCB stagnates at around 3%
(IR ~ 5%, MRD == 1%), also due to the use of raw material, copper, but also because of the
inert gas used in the furnace to assemble the copper with the ceramic, i.e., nitrogen.
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Figure 7. Standardized environmental impacts of the manufacturing phase, “gate-to-gate,” of the
7 subparts of an IGBT power module (150 kW), in adopting the European Commission recommenda-
tions for choosing impact categories [27]. Abbreviations are presented in Table 1.

For the remainder, three hotspots can be highlighted: the chips, contacts, and baseplate.
The baseplate has the greatest impact on human toxicity, with and without cancer, and land
use, at approximately 56%, 32%, and 34%, respectively, while having the lowest for ozone
depletion at ~5%. Contacts have a maximum impact on freshwater eutrophication and
mineral resource use (=53%) and a minimum impact on ozone depletion (~10%). Chip
manufacturing yields the main impacts for climate change (/52%), ozone depletion (=77%),
ionizing radiation (~250%), and fossil material consumption (~=51%). The discussion on the
contact and the baseplate is developed in the following section.

The most significant impacts, presented in Figure 4, lead to the same conclusion
for the power module hotspots: the baseplate, contacts, and chips all have a major
environmental dimension.

4.5. Contact and Baseplate Process

A product can be divided into a multitude of subparts. In the case of an LCA study,
this subdivision step serves to improve system knowledge in order to further reduce
environmental impacts. One interesting subdivision consists, once the hotspots are known,
of drawing the difference between the materials needed and the production efforts. As
shown in Figure 7, in an attempt to reduce the MRD, one solution would be to limit contacts,
but how can this be achieved? Should we reduce or change materials, or act upon the
production effort?

The environmental impacts of contacts (wire bonds, auxiliary terminals) and the base-
plate are presented in Figure 8 in order to determine whether the effort should be directed
towards the processes or whether the material itself is a problem. By unanimous agree-
ment, the materials are more important than the production effort. Therefore, developing
different methods while maintaining the same material will not significantly decrease
the environmental footprint. Other technologies that allow for either the elimination of
material or a decrease in its weight will be more relevant. Clearly, a new LCA would need
to be carried out to ensure that no pollution transfer to another impact is being created.
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Figure 8. Standardized environmental impacts of contact (a) and baseplate (b) processes for the
power module (150 kW), given the European Commission recommendations for choosing impact
categories [27]. Abbreviations are presented in Table 1.

4.6. Uncertainty Analysis

Uncertainty analysis is an essential step in the LCA process because it allows the study
to be both more robust and more accurate. The results displayed in this subsection establish
a range of potential variations in impact values. The selected method, i.e., semi-quantitative,
sets forth the variation in input data according to a distribution law along with the use
of the Monte Carlo method. More specifically, it calculates the environmental impacts a
determined number of times and retrieves the output distribution function. Therefore, only
the variation in the input data is studied. Details of the methods used are described in
Section 3.

Figure 9 shows the calculated uncertainty of the 16 environmental impacts of the
inverter (150 kW) over its entire life cycle. There is a 95% probability that the values are in
the interval [t + 20; u — 20], where o is the standard deviation of the distribution and p is
the mean. Water consumption, climate change, and fossil resource use have a variation of
~+/—9% in terms of uncertainty. Finally, ionizing radiation is the environmental impact
with the largest uncertainty, with ~+/—10% variation on the mean value.

GwpP
oD, L

® ui2o

Figure 9. Results of normalized uncertainties over the life cycle of an inverter operating point for a
150 kW load from a DC power source of 450 V, based on 15 years and 10,000 operating hours. Use
of a semi-quantitative approach focusing solely on input streams and a Monte Carlo setup with
1000 iterations. The associated abbreviations are presented in Table 1.

The uncertainties are directly related to the potential variations in the input values
and how much these values weigh on the environmental impact. On the one hand, an
elementary flow with a distribution function that has a large standard deviation will not
have a large impact on the final uncertainty if its weight in terms of environmental impact
is small. Alternatively, an elementary flow that has a large impact on the environment, even
if its potential variation is small, may imply a large degree of uncertainty. The explanation
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of Figure 9 needed to be based on a sensitivity analysis (Section 4.7), which allows us to
know the sensitivity of the input data and plays a role in the uncertainty analysis.

4.7. “OAT” Sensitivity Analysis of Input Values

The purpose of a sensitivity analysis is to examine various assumptions. Different
types of sensitivity analyses are available, but the one presented in this subsection deals
specifically with input flows and is therefore called the value-of-flow assumption. It is
associated with uncertainty analysis (Section 4.6), which presents the potential variation
in environmental impacts and then enables visualizing the causes of uncertainties. The
method employed is referred to as one-at-a-time (OAT) [43], given that the individual varia-
tion in an input flow provides for the study of its weight on the variation in environmental
impacts. This OAT analysis was conducted with a choice of variation corresponding to
+10%. The development of the method is discussed in Section 3.

Figure 10 shows the sensitivity analysis performed with the OAT method. The vari-
ation is individually applied to the different inverter subparts. These subparts comprise
complex flows, which stem from the Chalmers model, thus yielding a correlation between
the flows. It should be noted here that the application of the variation proceeds in a uniform
manner; moreover, it does not take into account the relationships between the flows but
directly applies a 10% variation to all of them. The result of this method is indeed logical.
Knowing that the calculation of environmental impacts is derived from linear models, the
result is an image of the weight of the subpart on the environmental impact. The results
shown in Figure 10 can be deduced from Figures 3 and 5. The subsequent analysis is no less
valuable for understanding the contribution that future eco-design can make. For purposes
of illustration, if a new type of power module yields a 10% reduction in the weight (and
process effort) of the baseplate, this would lead to a diminution of ~1% of MRD.
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Figure 10. Results of the evolution of the environmental impacts (%) with respect to a variation in
the input of 10% (OAT method). The life cycle analysis of the various subparts of an inverter
operating point for a 150 kW load from a DC power source of 450 V, based on 15 years and
10,000 operating hours. (a) Inverter life cycle; (b) Inverter manufacturing; (c¢) Power module. Abbre-
viations are presented in Table 1.

The hotspots for the power module, aluminum housing, and usage are all visible
in Figure 10 due to darker shading. For example, a 10% variation in the power module
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causes a 0.34% variation in climate change (GWP), 1.4% HTNC, 3.4% MRD, etc. This output
serves to ascertain the weight of the subpart on the impact, e.g., 3.4% GWP, 14% HTNC,
34% MRD.

An explanation of the uncertainty analysis is derived from the sensitivity analysis,
i.e., the uncertainty analysis allows one to know the variation in the environmental impacts
in output and which input of the system creates the variation in output. This is why
Figure 10 is also related to Figure 9, in that all subparts do not possess the same weight in the
uncertainty dispersion. According to Figure 9, ionizing radiation (IR), water consumption
(WD), climate change (GWP), and fossil resource use (FD) have the largest degree of
uncertainty in this study. Only Figure 10 shows that use is the primary sensitive parameter
for these types of impacts, as the uncertainty present is mainly due to use.

5. Discussion

This precise analysis is a first step towards a parametric method that enables eco-
design. In other words, the parameters used are known and precise, which allows one
to not only modify them but also guide the actions to be implemented in relation to
the hotspots.

Reducing the environmental footprint will, first and foremost, involve improving
hotspots; however, not all types of impacts are equal. It is therefore necessary to act
intelligently by first examining which impacts are the most significant and then, based on
this observation, determining which subparts are predominant. One way to approach this
task is to focus on manufacturing, either with other materials and other processes or by
developing new technologies that modify the design of certain inverter parts. Research
in the field of power modules is moving towards less-standard designs than that noted
in Figure 6, such as power modules without baseplates or direct integration into the
PCB [50,51]. These two designs may be environmentally relevant due to the contacts and
baseplate being either modified or removed.

It is also interesting to question the life cycle of the inverter by generating scenarios
that could be part of a circular economy approach, for example, in considering degradations
and the need to replace the inverter. Loops of reuse, repair, or recycling of the product
at the end of its life could also be introduced [52]. This approach could be combined
with inverter modularity, whereby it could be subdivided into several interconnected
elementary standard cells, allowing for improved maintenance flexibility and, in the event
of a breakdown, the identification of the faulty cell requiring replacement. It would also be
relevant to focus on the diagnostic functions, being informed of the state of health of the
product, and deriving more precise maintenance or an adapted functioning that serves to
increase the lifespan.

It is important to keep in mind that the presented impacts are related to a specific tech-
nology, which offers a reference case, and a design change can lead to a transfer of pollution,
which is why a new LCA using the same primary assumptions must be performed in order
to compare different technological solutions. The comparison of environmental impacts
with other inverters, or even other PE products, would be interesting for future studies.

6. Conclusions

In this paper, we have developed an LCA applied to a 150 kW inverter (traction). It is
intended to be a general method for use in eco-design studies and /or comparisons between
architectures. The method deals in detail with all the parts of the inverter. Despite the
importance of such studies, the authors remain unaware of any similar study for electrical
engineering designers detailing the LCA of a power inverter.

The environmental study of the inverter presents the level of importance of each type
of impact, with the use of mineral resources, the eutrophication of freshwater, and human
toxicity among the main factors. For these impacts and on a life cycle basis, manufacturing
and use (losses) dominate the environmental scores, with metal and mineral resource
depletion (MRD) being primarily due to manufacturing (~94%).
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The use phase is characterized by the consumption of electrical energy resulting from
an energy mix that may, depending on the nature of the mix, have a major impact on the
final result. For example, in the French energy mix, the score on ionizing radiation can be
multiplied by five and divided by seven for its global warming potential.

This study on manufacturing processes has presented the power module and casing as
the two most impactful subparts in the types of impacts mentioned above; these make up
the hotspots of the inverter. For the most important impact type, MRD, the power module
is responsible for ~43% of the final score.

The chip, contacts, and baseplate stand out in the power module. For MRD, the
contacts and baseplate account for ~53% and 31% of the power module impact, respectively,
while the chip accounts for just ~0.2%. The other main impacts are the baseplate followed
by contacts as dominant components, knowing that the materials (gold, copper) and not
the production efforts are really the most impactful.

For the other parts of the inverter, the use of metals is an aggravating factor in terms
of environmental impact, such as copper in the capacitor and in the busbar, aluminum in
the casing, and brass in the cable gland. The production efforts in the die casting of the case
or for the DC link capacitor are impactful. For the PCB, the main impacts are due to the use
of integrated circuit components and boards.

The next step will consist of determining whether the methods described (modularity
and diagnosis) can lead to a reduction in environmental impacts and, moreover, what the
optimal solution would be according to these life cycle scenarios.

The work presented in this article will serve as the basis for such future studies. It
is relevant to start with a very fine analysis of the product, well documented, in order to
implement eco-design solutions and have a precise quantification of the environmental
benefits. This article should be seen as the first stone of a larger edifice, an eco-design
parametric method for a PE product.

To illustrate the eco-design parametric method, an example could consider scale
effects, i.e., take into account the modularity of the system. The modular aspect of the
power converter can be used in a circular economy approach with maintenance. For
maintenance, the goal is to be able to separate the failing part of the product without
impacting the functioning parts. Instead of one 150 kW power module, two 75 kW modules
can be used. A logical interpolation can be set up to show the evolution of environmental
impacts. The knowledge of a precise reference inverter allows one to progress towards an
eco-designed inverter according to the designers’ needs.
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Abbreviations

The following abbreviations are used in this manuscript in addition to those defined in Table 1:

PE Power electronics

LCA  Life cycle assessment

LCI Life cycle inventory

IGBT Insulated gate bipolar transistor
PCB  Printed circuit board

DCB  Direct copper bond
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Appendix A

The inverter inventory was designed based on the HybridPACK Drive kit [22], and
the array of sources used includes the Chalmers model. In order to facilitate inventory
creation, the Chalmers open access file (Excel) can be directly used after modification of the
known parameters. The Excel file was built around the “scale factors and tables” worksheet,
which lists all constants/parameters of the Chalmers model. Tables A1 and A2 show the
various parameters of the power module FS820R08A6P2B HybridPACK Drive and the bus
capacitor Epcos Capacitor B25655P5507K taken into account in this study; these values can
be replaced on the “scale factors and tables” worksheet.

The flow chart presented in Figure 2 of Nordelof’s (2017) [23] study helps one un-
derstand which flow is involved in the LCA study for the manufacture of the inverter.
Tables A1 and A2 show the evolution of the flows on the power module and the DC link
capacitor adapted for the study.

Table A1l. Power module FS820R08A6P2B HybridPACK Drive.

Substance Scaled Mass (Grams)
Aluminum oxide 10.5

Copper 554.8
Diantimony trioxide 0

Glass fiber 349
Polyphenylene sulfide (PPS) 81.5

Silicone gel 28

Entity /subpart Scaled area (cm?)
Baseplate area for system soldering 86.8

Entity /subpart Value

Alumina substrate thickness (m) 0.00032

DCB substrate, area (cm?) 86.8

DCB foils, thickness (m) 0.00056

Copper in DCB (g) 43.5

Copper in baseplate (g) 500

Copper in wires (g) 3.78

Copper in terminals and conductors (g) 11.3

Total chip area (cm?) 9.00

Table A2. DC-link capacitor.

Substance Fixed Mass Share Scaled Mass (Grams)
Capacitor 100% 8.00 x 10?
Aluminum 0.10% 8.00 x 1071
Copper 0.10% 8.00 x 101
Polypropylene 29.20% 2.34 x 102
Tin 3.10% 248 x 10
Zinc 7.10% 5.68 x 10!
g;)é){ﬂ(;thylene terephthalate 19.00% 1.52 x 102
Polycarbonate 0.90% 7.20 x 10°
Polyurethane resin 14.40% 1.15 x 102
Brass (64% copper, 36% zinc) 0.40% 3.20 x 10°
Copper 25.10% 2.01 x 10?

Tin 0.60% 4.80 x 10°
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