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Abstract: The influence of the material composition of surface-mount device (SMD) diodes on the
environment has been analysed in this research. This impact assessment has been performed by
means of an environmental impact calculation through a life cycle assessment (LCA), in which
the EcoInvent dataset has been updated and customised, generating a more precise environmental
impact analysis by considering the exact material composition provided by several suppliers of
diodes and also recycling during the production stage. Considering the Ecolnvent diode dataset as a
reference, variations from nearly 1640% to only 8.5% of the environmental impact have been achieved.
For example, the impact per 1 g of SMD diodes can change the global warming potential from 292 g
CO, eq up to 354 g CO, eq, whereas for abiotic depletion, values can change from 9.9 x 10~ up to
1.9 x 1074 kg Sb eq. The presence of critical raw materials such as antimony, cobalt, or magnesium,
together with precious metals as gold or silver, highly influences the environmental impact values
obtained, demonstrating the considerable influence on the environmental impact of the material
composition of the SMD diodes analysed.

Keywords: life cycle assessment (LCA); diodes; SMD; material composition; critical raw materials

1. Introduction

Nowadays, there is a substantial worldwide demand for producing goods while
preserving environmental resources, reducing the environmental impact, and the amount
of waste. The ecodesign concept emerged at the beginning of 1990s with the aim of focusing
prevention on the design stage instead of subsequent corrective actions [1]. Also, due to the
awareness of society towards environmental issues, the ecological criterion has become one
of the main worries for most companies, clearly influencing their strategies, development
processes and design thinking [2,3].

At the design stage, the main task from an environmental performance point of view
is the selection of the material composition [4], as it will influence the entire product life
cycle; ranging from raw material acquisition, when the type and quantity of material are
determined, to the end of life [5], considering manufacturing processes and transporta-
tion [6,7]. Focusing on ecodesign, the European Union has implemented several policies to
this end [8,9]. Furthermore, some standards have been implemented to develop products
with minimum environmental impact criteria [10].

In the case of electrical and electronic products, with ecodesign development, waste
of electrical and electronic equipment (WEEE) components could be reused in the industry
of electronics [11,12]. Technological change has fostered the emergence and flourish of the
electrical and electronic goods field. Devices are cheaper, accessible, and more efficient
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due to technology’s rapid advancement [13,14]. Consequently, vast quantities of WEEE are
generated in little time. In Europe, around 9 million tons were generated in 2015 and more
than 12 million tons were expected within 2020 [15], while around the world, a total of
65.4 million tons of WEEE were generated just in 2017 [16]. Thus, the separation, collection
and recovery of WEEE is progressively growing to improve its environmental control. In
2013, roughly 3.5 million tons were treated in Europe [17]. Furthermore, the European
Union implemented two legislations: the first one addressed to WEEE reduction [18], and a
second one focused on the restriction of the use of certain hazardous substances in electrical
and electronic equipment [19].

During the last years, society’s concern about environmental issues and materials
with significant environmental impact has substantially increased. Focusing on society’s
and administration’s worry about materials, the European Commission emitts periodical
reports about critical raw materials. These materials labelled as critical, have a substantial
economic importance to the EU due to the high risk associated with the shortage of supply,
their economic vulnerability and the ecological risk they entail [20].

Technological changes have generated a sudden demand for specific materials and,
consequently, a decrease for others, so all these factors must be taken into account when a
material could be identified or denominated as critical [21-23].

That is the reason why this article is mainly focused on the influence of the material
composition over the environmental impact regarding critical raw materials. Although
the consumption of critical materials has been studied in several products such as cell or
mobile phones [24], LCD screens, electrical and electronic devices [25,26]. However, despite
some authors having studied methods to reduce and redesign the overall consumption
of critical materials [27] no study has been performed until now analysing the life cycle
assessment of diodes when considering the presence of critical raw materials and their
influence over the environmental impact.

In this article, the SMD diodes’ composition has been studied considering the presence
of the previously mentioned critical raw materials (CRMs). Diodes are one of the simplest
components among semiconductor devices, consisting of two electrodes, called anode
and cathode [28]. They are non-lineal devices that perform a non-lineal relation between
current and voltage. When the voltage is lower than the power breakage, the diode current
is negligible; otherwise, when the voltage is higher than the power breakage, the diode
current increases remarkably quickly [29]. In particular, the SMD diode is a two-terminal,
single-junction semiconductor diode that conducts electrical current only in one direction
and, at the same time, provides a stable voltage between its terminals, usually between
0.7 Vand 1.5V [30]. The SMD diode is also considered the handiest electronic component
that provides essential and relevant circuit design solutions [31-36].

Consequently, this study’s most important objective is to analyse how SMD diodes’
material composition influences the environmental impact. To perform it, the life cycle
assessment (LCA) has been used to calculate the environmental impact, taking into account
the main types of environmental impact throughout the overall life cycle.

Nowadays, many industries implement methodologies and standards such as LCA
on their business [37] to get to know how their products affect to the environment. In
the literature, LCA has been applied in a wide range of products and services, from
plastic products [38-40], to electric vehicles [41-43], including electricity production and
usage [44—48] or batteries [49-52]. In this field, many studies are focused on ecodesign [53]
as it has been proven that applying a suitable ecodesign methodology is key from an
environmental point of view [54,55].

Furthermore, diverse authors have written articles about electronic components such
as diodes [56], printed circuit boards [57,58], even several studies including LCA on
electronic devices as tablets [59], smartphones [60,61] or virtual reality devices [62], photo-
voltaic cells [63], lighting systems [64], or other electronic products [65,66] and electronic
components [67,68].
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However, this LCA study focuses on the material composition of several SMD diodes
and their influence on the environmental impact taking into consideration several manufac-
turers’ information to perform this LCA, and considering also recycling in the production
phase by applying the Ecolnvent methodology.

Generic databases such as Ecolnvent are mainly used to perform LCA studies on
electronic products. SMD diodes are included in the Ecolnvent database, providing a
system characterisation that includes material composition and production efforts. There-
fore, taking into consideration previous studies by Andrae and Andersen [69,70], who
compared the environmental impacts of integrated circuit packaging technologies from
manufacturers information; and also considering material composition datasheets that
manufacturers of electronic components publish [71-73], our approach in this paper is
similar to our previous one conducted about transistors [68].

The primary documents used as guides in this research have been a Technical Spec-
ification, published by the European Telecommunications Standards Institute (ETSI), to
perform LCA of electronic products focused on ICT Equipment, Networks and Services [74],
and a Technical Report, also published by the European Telecommunications Standards
Institute (ETSI) about Environmental Engineering, Circular Economy and Communication
Technology, including parameters such as recycled content, critical raw materials usage
and reused parts’ proportion [75].

The researchers Yongguang and Andrae [76], based on the standard of LCA defined in
ETSI EE TS 103 199, developed a system to perform a cost valuable LCA of an information
and communication technology (ICT) device including data of raw material acquisition,
production, use, and EoLT processes of the device

Therefore, in this paper, the LCAs of several SMD diodes will be evaluated, and a
comparative analysis with the Ecolnvent dataset makes it possible to evaluate the influence
of material composition on the environmental impact. It is also important to emphasise the
importance of adjusting the information supplied by manufacturers to the characterisation
system of Ecolnvent.

2. Materials and Methods
2.1. Dataset Improvement Methodology for Electronic Components

As previously explained, the manufacturers’ material composition has been used to
update the dataset provided by Ecolnvent. Therefore, to achieve a more precise environ-
mental impact assessment, the production process and waste generation will be analysed
using the Ecolnvent methodology and applying the material composition from the specific
datasheets of the component’s manufacturers.

In order to estimate the overall Raw Material Acquisition (RMA) in all the construction
elements (e.g., electronic die, lead frame, encapsulation, or wiring), the material composi-
tion included in the diode end-product, as well as the overall material consumption and
waste generation have been considered. Besides, “Diode, glass-, for surface-mounting
{GLO} | market for | Alloc Def, U” has been applied to the studied diodes for the different
elements that assembled them. Through the Ecolnvent dataset, we will obtain the quantity
of non-used raw materials needed to produce all diode manufacturing processes that
will be considered as waste. Additionally, the Ecolnvent dataset has been modified and
updated with current diodes by considering lead-free solders. The production process
of the diode is considered using Ecoinvent’s “Diode, auxiliaries and energy use {GLO} |
production | Alloc Def, U”, that includes the use of auxiliary materials, consumption of
energy, and emissions to environment in the production of SMD diodes.

2.2. LCA Methodology
2.2.1. Goal and Scope Definition

The aim of this LCA is to study how the material composition influences the environ-
mental impact results of the analysed SMD diodes. Once the influence of the diodes” mate-
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rial composition has been assessed, it can be used as an environmental impact comparative
tool to improve diode selection. Diode production is considered based on Ecoinvent data.

For this study, we have obtained the material composition of several SMD diodes
from their corresponding manufacturers. SMD diodes are constituted mainly by five
parts, as shown in Figure 1, that is, die or active device, lead frame, mould compound or
encapsulation, post-plating, and wire bond.

Mould compound - Encapsulation

Wire bond
Lead frame

Die - Active device

Plating

Figure 1. Schematic view of the parts of an SMD diode.

2.2.2. Functional Unit

Defining the functional unit is crucial in LCA performance. In this research, the func-
tional unit has been defined as 1 g of SMD diode considering the electronic component’s
material composition, the waste produced during the production process, the energy con-
sumption, end-of-life treatment, and the raw material recycling. The chosen diode is a
voltage regulator diode in small SOT23 plastic SMD package, with dimensions of around
3mm X 2.5 mm x 1.1 mm and power consumption between 250 mW and 350 mW. This
diode type is widely used in industrial applications such as half-wave and full-wave recti-
fiers, voltage multipliers, voltage dividers or LEDs. All nine diodes from manufacturers
comply with the specification of the functional unit, and detailed information regarding
the material composition was available from the producer. The Ecolnvent dataset has also
been selected to be used as a reference point.

The environmental impact has been calculated and analysed throughout the SMD
diodes information provided by several manufacturers from their components datasheets
and also by commercial databases such as Ecolnvent. Besides, and constituting a crucial
aspect, recycling of raw material during the production process has been considered to
reduce RMA'’s share in a closed-loop.
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Emissions to air

2.2.3. System Boundaries

As mentioned before, studying the environmental impact created by different SMD
diodes models is the primary goal of this research; analysing the deviation on the environ-
mental impact created by the diodes” material composition.

An LCA model has been developed to study the environmental impact of each indi-
vidual diode and make a comparative analysis between them (Figure 2). The following
stages are included in the LCA: the extraction and processing of raw materials, energy, and
fuel consumption (following ETSI nomenclature, Stage A), manufacturing and production
processes of the diode (Stage B1, based on Ecoinvent data) and, finally, the ICT specific end
of life treatment (Stage D2). Basic standard processes such as G1 (Transport and Travel),
G2 (Electricity Supply), G3 (Fuel Supply), G4 (Other Energy Supply), G5 (Raw Material
Acquisition), G6 (End of Life Treatment), and G7 (Raw Material Recycling) have also been
included in the studied product system. Whereas, G1 (Distribution to Customers), C (Use
Phase) and B.1.2 (Assembly) have been considered out of the limits of this system.

Emissions to water Emissions to soil Solid waste

L] t L]

Legend:
G2 G1: Transports and Travel
. G2: Electricity Supply
G3 L G3: Fuel Supply
\“‘\. ; G4: Other Energy Supply
G4 % AlandA2 G5: Raw Material Acquisition
— G6: End of Life Treatment
G5 _— G7: Raw Material Recycling
A: Good Raw Material Acquisition
Al Raw material extraction
G3 G1 A2 Raw material processing
B: Production
B1 ICT goods production
B1.1 Parts production
D: Good end-of-life treatment
G2 D2 ICT-specific end-of-life treatment
G3
~ P G6
— —
G4 F— )] Bl.l — -
- — G7
G5 —
G3 P Gl | G3
i D2 e
G5 — G2
Out of the limits of this system B.1.2 Assembly g System boundary
G1 Distribution to customers

C Use phase

Figure 2. System boundaries.
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2.2.4. Inventory Data and Cut-Off Criteria

The inventory data and cut-off criteria are based on Ecolnvent, one of the most used
databases developed by the Swiss Centre for Life Cycle Inventories. Nevertheless, no
cut-off has been applied regarding the material composition. Furthermore, EcoInvent
v3.4 has been implemented in order to develop the life cycle inventory, completed with
datasheets provided by several SMD diodes” manufacturers.

2.2.5. Assumptions

The LCA model has been performed using SimaPro 8.4, developed by Pré Consul-
tants, executed with CML—IA baseline V.3. methodology and the life cycle inventory
has been carried out via the Ecolnvent 3.4 database. In order to avoid subjectivity dur-
ing the evaluation of the environmental impact assessment, we have used the following
midpoint impact categories: abiotic depletion, abiotic depletion (fossil fuels), acidification,
eutrophication, global warming (GWP 100), ozone layer depletion (ODP), human toxic-
ity, freshwater aquatic ecotoxicity, marine aquatic ecotoxicity, terrestrial ecotoxicity, and
photochemical oxidation.

3. Life Cycle Inventory

To analyse the environmental impact of SMD SOT23 diodes, the study has been
performed based on material content datasheets provided by manufacturers. Ten diodes
with different material compositions have been analysed, includying the SMD diode dataset
provided by Ecolnvent. Table 1 shows the results of the material composition according to
1 Kg, together with a detailed inventory data, including the material composition of each
studied diode.

As it can be observed, the composition and materials quantities vary depending on
suppliers. This is the case of materials such as antimony, cobalt, magnesium, or silica sand,
considered critical raw materials by the European Commission, which are not integrated
within the Ecolnvent diode dataset but are, nevertheless, present in other analysed diodes
in different quantities. In contrast, there are materials like aluminium oxide, funnel glass
and molybdenum, whose presence is only included in the Ecolnvent dataset.

The life cycle inventory of each SMD diode has been used achive a more accurate
analysis of the material composition’s influence on the environmental impact. In this
methodology, the quantity of 1.040622 g for each gram of diode manufactured (a waste
amount of 0.040622 g of unused raw material) has been considered to develop the LCA of
the diode by Ecolnvent, as an input of raw material acquisition (RMA).

Table 2 shows the Ecolnvent datasets used to characterise the mentioned diodes inputs
following the Ecolnvent guidelines. For the diode manufacturing, the use of auxiliary ma-
terials, consumption of energy, and emissions to environment in the process are considered
using Ecolnvent’s data.
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Table 1. Material composition for 1 g of studied SMD diodes.

Ecolnvent BAT17 BZX84B10LT1G BZX84C20 CMPD1001A PLVA650A AZ23C10 BAS17 DDZX10C ESDA14V2L
f}‘}g;gg&feﬂ 0.00 x 10 0.00 x 10 8.86 x 102 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
Aluminium oxide 3.06 x 10~! 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
Aluminium 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 293 x 1074 0.00 x 10 293 x 104 0.00 x 10 0.00 x 10
Antimony 0.00 x 10 1.32 x 1072 0.00 x 10 0.00 x 10 6.80 x 1073 8.00 x 10~° 0.00 x 10 8.00 x 107° 0.00 x 10 0.00 x 10
Bromine 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 6.80 x 1073 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
Carbon black 0.00 x 10 6.62 x 1073 3.05 x 1073 6.96 x 1073 0.00 x 10 204 x 1073 1.26 x 1073 3.38 x 1073 1.35 x 103 1.28 x 1073
Chromium 0.00 x 10 9.27 x 10~* 0.00 x 10 0.00 x 10 0.00 x 10 7.17 x 10~% 2.86 x 107* 7.17 x 10~* 2.88 x 1074 2.33 x 107*
Cobalt 0.00 x 10 0.00 x 10 0.00 x 10 1.37 x 1073 0.00 x 10 1.40 x 1073 1.43 x 1073 1.40 x 1073 1.44 x 1073 1.40 x 1073
Copper 240 x 107! 3.08 x 1071 5.04 x 1072 0.00 x 10 0.00 x 10 3.71 x 1072 0.00 x 10 3.76 x 1072 0.00 x 10 0.00 x 10
Epoxy resin 211 x 1072 1.52 x 1071 6.11 x 1072 1.39 x 1071 1.35 x 1071 0.00 x 10 8.85 x 1072 9.74 x 1072 9.43 x 1072 3.41 x 1072
Funnel glass 251 x 10~! 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
Gold 0.00 x 10 8.39 x 10~* 0.00 x 10 229 x 1073 242 x 1073 1.10 x 1073 1.92 x 1073 0.00 x 10 9.66 x 10~% 3.02 x 1073
Iron 0.00 x 10 0.00 x 10 1.83 x 1071 1.53 x 1071 1.47 x 1071 1.56 x 1071 1.65 x 1071 1.56 x 10! 1.66 x 1071 1.64 x 1071
Lead 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 404 x 1073 2.70 x 107 0.00 x 10 2.70 x 107° 0.00 x 10 0.00 x 10
Magnesium oxide 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 5.05 x 102 0.00 x 10 5.39 x 102 0.00 x 10
Manganese 0.00 x 10 0.00 x 10 0.00 x 10 2.18 x 1073 0.00 x 10 2.80 x 1073 1.71 x 1073 2.80 x 1073 1.73 x 1073 1.74 x 1073
Molybdenum 1.54 x 1071 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
Nickel 0.00 x 10 0.00 x 10 1.32 x 101 1.14 x 1071 1.02 x 101 1.18 x 1071 1.17 x 1071 1.18 x 101 1.18 x 1071 1.16 x 1071
Phenolic resin 0.00 x 10 0.00 x 10 6.11 x 1072 0.00 x 10 6.76 x 1072 1.82 x 1071 442 x 1072 6.49 x 1072 471 x 1072 3.12 x 1072
Phosphorus 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 6.52 x 1075 0.00 x 10 331 x 1073 0.00 x 10 1.56 x 1072
Silicon electronics 4.60 x 1073 0.00 x 10 6.23 x 1073 5.56 x 1073 2.65 x 1072 9.31 x 1073 5.00 x 1072 9.32 x 1073 7.62 x 1073 3.41 x 1072
Silica sand 0.00 x 10 490 x 107! 397 x 107! 5.50 x 107! 460 x 1071 451 x 107! 436 x 1071 467 x 1071 465 x 1071 544 x 1071
Silicon metallurgical 0.00 x 10 6.20 x 107> 0.00 x 10 8.17 x 107 0.00 x 10 8.47 x 107 0.00 x 10 8.48 x 10~* 0.00 x 10 4.65 x 1074
Silver 0.00 x 10 1.12 x 102 0.00 x 10 9.53 x 10~* 6.92 x 1073 8.37 x 1073 1.21 x 102 8.38 x 1073 1.22 x 1072 2.28 x 1072
Sulfur 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 6.52 x 107° 0.00 x 10 6.52 x 1075 0.00 x 10 0.00 x 10
Tin 2.26 x 1072 1.70 x 102 1.75 x 1072 2.37 x 1072 3.52 x 1072 2.79 x 1072 2.99 x 1072 2.79 x 102 3.01 x 1072 298 x 1072
Titanium 0.00 x 10 3.09 x 10~* 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10
TOTAL 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10 1.00 x 10
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Table 2. Ecolnvent dataset selection for the Diode LCI.

Input

Dataset

Aluminium hydroxide
Aluminium oxide
Aluminium
Antimony
Bromine
Carbon black
Chromium
Cobalt
Copper
Epoxy resin
Funnel glass
Gold
Iron
Lead
Magnesium oxide
Manganese
Molybdenum
Nickel
Phenolic resin
Phosphorus
Silicon electronics
Silica sand
Silicon metallurgical
Silver
Sulfur
Tin
Titanium

Diode base Ecoinvent dataset
Diode production processes

Aluminium hydroxide {GLO} I market for | Alloc Def, U
Aluminium oxide {GLO} | market for | Alloc Def, U
Aluminium, wrought alloy {GLO} | market for | Alloc Def, U
Antimony {GLO} | market for | Alloc Def, U
Bromine {GLO} | market for | Alloc Def, U
Carbon black {GLO} | market for | Alloc Def, U
Chromium {GLO} | market for | Alloc Def, U
Cobalt {GLO} | market for | Alloc Def, U
Copper {GLO} | market for | Alloc Def, U
Epoxy resin, liquid {GLO} | market for | Alloc Def, U
Funnel glass, for cathode ray tube display {GLO} | market for | Alloc Def, U
Gold {GLO} | market for | Alloc Def, U
Pig iron {GLO} | market for | Alloc Def, U
Lead {GLO} I market for | Alloc Def, U
Magnesium oxide {GLO} | market for | Alloc Def, U
Manganese {GLO} | market for | Alloc Def, U
Molybdenum {GLO} | market for | Alloc Def, U
Nickel, 99.5% {GLO} | market for | Alloc Def, U
Phenolic resin {GLO} | market for | Alloc Def, U
Phosphorus, white, liquid {GLO} | market for | Alloc Def, U
Silicon, electronics grade {GLO} | market for | Alloc Def, U
Silica sand {GLO} I market for | Alloc Def, U
Silicon, metallurgical grade {GLO} I market for | Alloc Def, U
Silver {GLOY} | market for | Alloc Def, U
Sulfur {GLO} | market for | Alloc Def, U
Tin {GLO} I market for | Alloc Def, U
Titanium, primary {GLO} | market for | Alloc Def, U
Diode, glass, for surface mounting {GLO} | production | Alloc Def, U
Diode, auxiliaries and energy use {GLO} | production | Alloc Def, U

4. Results and Discussion

In the present section, the life cycle inventory has been introduced in SimaPro and
associated with the Ecolnvent database to finally calculate the results of the analysed
diodes’ environmental impact. Likewise, the influence of the raw material acquisition,
production processes and end of life of each diode on the environmental impact has also
been studied. To conclude, four of the ten studied diodes have been analysed to highlight
their special unique characteristics or composition, even studying their influence on the
total environmental impact.

4.1. Analysis of the Environmental Impact of All Diodes

The environmental impacts of each diode are shown in Table 3, including different
midpoint impact categories. The table shows a comparison between each diode environ-
mental impact versus the Ecolnvent methodology, considering Ecolnvent values as the
100% reference.

As shown in Table 3, the gold content has a decisive influence on all impact categories,
especially in diode ESDA14V2L that, containing the highest quantity of gold, generates the
highest environmental impact. In contrast, diodes without gold content show the lowest
values of environmental impact, as is the case of diode BZX84B10LT1G.

There are materials such as chromium, manganese, silicon, cobalt, or phosphorus,
which are included in the material composition of diode ESDA14V2L, but they are not
included in the composition of diode BZX84B10LT1G. The first three ones—chromium,
manganese, and silicon—were considered candidate materials to be labelled as critical by
the European Commission, whilst cobalt was already considered as a critical one. All of
them contribute to increase the environmental impact of diode ESDA14V2L.
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Table 3. Environmental impact of all studied diodes.
Impact Category Unit Ecolnvent BAT17 BZX84B10LT1G BZX84C20 CMPD1001A PLVA650A AZ23C10 BAS17 DDZX10C ESDA14V2L
Abiotic depletion kg Sb eq 1.16 x 1072 5.65 x 1073 9.90 x 1077 1.34 x 1074 1.46 x 1074 6.97 x 1073 1.19 x 1074 6.19 x 107® 6.43 x 1073 1.90 x 10~*
Ab(lfot;;fffelfso“ MJ 344 x 10 3.56 x 10 3.32 x 10 3.81 x 10 3.90 x 10 3.61 x 10 3.83 x 10 3.37 x 10 3.59 x 10 4.09 x 10
Gl?g%gfgé;‘;ng kgCO2eq  304x10°1  311x10"1  292x 107! 3.30 x 101 3.37 x 1071 3.14 x 10! 3.33 x 1071 2.96 x 101 3.13 x 101 354 x 101
Ozone layer . -8 -8 -8 -8 -8 -8 -8 -8 -8 -8
depletion (ODP) kg CFC-11eq  1.87 x 10 2.06 x 10 1.66 x 10 2.11 x 10 221 % 10 1.96 x 10 2.18 x 10 1.75 x 10 1.94 x 10 2.45 x 10
Human toxicity ~ kg 1.4-DBeq 1.06 x 10 7.08 x 1071 1.60 x 107! 1.50 x 10 1.60 x 10 8.26 x 1071 1.31 x 10 1.80 x 107! 7.50 x 1071 1.98 x 10
Freshwater 1 I 1 1 1 1 -1
aquatic ecotox. kg14-DBeq  7.10 x 10 4.79 x 10 1.02 x 10 1.05 x 10 1.11 x 10 5.69 x 10 9.12 x 10 1.15 x 10 5.18 x 10 1.38 x 10
Mgiﬁgf{gﬁj}m kgl4-DBeq  2.72 x 103 2.07 x 103 9.95 x 102 3.67 x 103 3.86 x 10° 2.32 x 103 3.30 x 103 1.04 x 103 2.18 x 103 4.63 x 103
ggggﬁg@ kgl4-DBeq 702x107*  156x107°  568x107*  314x107°  330x10°%  18x107°  274x107°  584x10*  167x107°  4.00x 1077
P hgi?gﬂg‘éﬁcal kgC2H4eq 852x10°  869x107° 939 x 1075 1.02 x 10~* 1.03 x 1074 9.96 x 107° 1.03 x 10~* 943 x 107° 9.86 x 107° 1.10 x 10~*
Acidification kg SO2 eq 1.98 x 1073 1.96 x 1073 2.08 x 1073 241 x 1073 243 x 1073 227 x 1073 242 x 1073 2.09 x 1073 225 x 1073 2.63 x 1073
Eutrophication kg PO4 eq 301 x107%  211x1073 6.12 x 107* 434 x 1073 461 x 1073 246 x 1073 3.82 x 1073 6.71 x 1074 226 x 1073 5.68 x 1073
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In the following points, the environmental impacts created by the analysed diodes in

each environmental midpoint category are included:

The highest value of environmental impact for the abiotic depletion category (re-
sources) is created by the diode ESDA14V2L, with a value of 1633% (Ecolnvent’s diode
generates 1.16 x 107> kg Sb eq). In contrast, the lowest one belongs to BZX84B10LT1G
diode, with only 8.5% of environmental impact versus the 100% of the Ecolnvent
dataset. The highest value of environmental impact for the abiotic depletion cate-
gory is created by the diode ESDA14V2L, nearly 165 times higher than the Ecolnvent
dataset selected as the reference. The main reason for these values’ variation is the
quantity of gold included in the composition, followed by its silver content. Regarding
fossil fuels consumption, the differences are minor, with values between 96.5% and
118.9% versus the 100% of the Ecolnvent dataset (3.44 M]J). These impacts, ranging
from 80% to 98% depending on the component, are mainly caused by the diode part
production, especially by the electricity consumption used for the manufacturing,
followed by the use of liquid nitrogen.

For the following environmental impact categories: human toxicity, freshwater aquatic
ecotoxicity, marine aquatic ecotoxicity, terrestrial ecotoxicity, and eutrophication, the
impacts are constant among all the studied diodes. It means that a higher environ-
mental impact is created by ESDA14V2L diode, followed by diodes CMPD1001A,
BZX84C20, and AZ23C10. In contrast, the lowest environmental impact in the men-
tioned categories is created by BZX84B10LT1G and BAS17 diodes. Gold, silver, and
part production processes are the inputs with the most significant influence on these en-
vironmental impact categories. As gold content in diodes ESDA14V2L, CMPD1001A,
and BZX84C20 is higher, it generates a higher impact value on these categories. In
contrast, there is no gold content in diodes BZX84B10LT1G and BAS17 creating, in
consequence, lower environmental impact values. Similar behaviour and results are
observed with silver. The diodes ESDA14V2L and AZ23C10 contain a higher quan-
tity of silver and generatea higher environmental impact. When no silver content is
included in diode BZX84B10LT1G, it generates the lowest environmental impact. In
these categories, when regarding part production processes, electricity consumption
is the main cause of impact, followed by liquid nitrogen and the electronic component
factory. For Marine aquatic ecotoxicity and Human toxicity, the air emissions of Hy-
drogen fluoride during the production process is a significant cause of environmental
impacts (Ecolnvent 's diode generates 2.72 x 10 kg 1.4-DB eq and 1.06 kg 1.4-DB eq,
respectively).

In global warming (GWP100a) and ozone layer depletion (ODP) categories, the diode
ESDA14V2L has the highest value of environmental impact (3.54 x 107! kg CO, eq
and 2.45 x 10~8 kg CFC-11 eq, respectively), followed by CMPD1001A and AZ23C10
diodes. These values are mostly caused by the diode part production, especially by
the electricity consumption used for the manufacturing, followed by liquid nitrogen,
and ultra-pure water consumption in the case of ozone layer depletion; and also by its
gold content.

In the case of photochemical oxidation and acidification categories, higher environ-
mental impacts are mainly produced by the consumption of gold, nickel, and by the
diode part production. Regarding the latter, electricity consumption, liquid nitrogen,
the use of heat and the factory itself, are, in this order, the leading causes of environ-
mental impacts. Diode ESDA14V2L creates the highest impacts, around 31% higher
than Ecolnvent (1.10 x 10~* kg CoHy eq and 2.63 x 1073 kg SO, eq, for each category).
In contrast, Ecolnvent and BAT17 diodes, without nickel content in their compositions,
generate the lowest impact in these categories.
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4.2. Study of the Life Cycle Stages of Each Diode

In the following subsections, the environmental impact has been analysed, focusing
on the three life cycle stages over the whole life cycle: raw materials acquisition (stage A),
part production (stage B1), and end of life (stage D2).

4.2.1. Environmental Impact of Raw Material Acquisition

Environmental impacts of the analysed diodes show substantial variations, mainly
influenced by materials composition. Table 4 incorporates the environmental impact
percentages depending on the raw material acquisition’s contribution to the whole life
cycle. Generally speaking, the presence of gold, silver, nickel and tin, in this order, are the
primary causes of environmental impacts.

As shown in Table 4, each diode has been analysed throughout the eleven envi-
ronmental impact categories. In the abiotic depletion category, the percentages of the
environmental impact created by the use of materials are the highest ones, around 99%,
except in diode BZX84B10LT1G, in which the percentage is nearly half, a mere 48.5%. In
contrast, lower percentages are achieved in the abiotic depletion (fossil fuels) and global
warming (GWP100a) categories with percentages between 1.2% in diode BZX84B10LT1G
and 20.0% in diode ESDA14V2L. They are followed by the following categories: ozone
layer depletion (ODP), photochemical oxidation, and acidification. The percentages of the
environmental impact created by raw material acquisition are between 1.6% and 37.2% for
these last categories.

For human toxicity, freshwater aquatic ecotoxicity, and eutrophication categories, the
environmental impact percentages are lower than the abiotic depletion. Nevertheless, they
are higher than in ozone layer depletion (ODP), photochemical oxidation or acidification.
Percentages of human toxicity are between 78.8% for diode BAT17 and 92.4% for diode
ESDA14V2L, except for diode BZX84B10LT1G and diode BAS17 in which the impact values
are much lower in all categories, ranging from 3.0% to 7.3% in diode BZX84B10LT1G,
and from 11.5% to 18.1% in diode BAS17. As previously mentioned, human toxicity,
freshwater aquatic ecotoxicity, and eutrophication categories are mainly influenced by their
gold content. Likewise, diodes without gold content show the lowest percentages of the
environmental impact created by the raw material acquisition.

Finally, for marine aquatic ecotoxicity and terrestrial ecotoxicity categories, environ-
mental impact results are similar to those in eutrophication categories but slightly lower.
General values are between 52.7% and 86.3%. In the case of diodes BZX84B10LT1G and
BAS17, environmental impact contribution due to material acquisition is lower, approxi-
mately 1.6-6.4%, as there is no gold content in these diodes’ composition. In the EcoInvent
diode dataset, something similar happens for the terrestrial ecotoxicity category, showing a
lower environmental impact value than the rest, only 22.1%.

In general, analysing the environmental impact for each type of diode, lower values
in almost all categories are achieved by diodes BZX84B10LT1G, BAS17 and Ecolnvent.

4.2.2. Environmental Impact of Part Production

The results of environmental impacts created by part production processes are in-
cluded in Table 5, shown as a percentage of the total impact. These percentages are,
therefore, influenced both by material composition and the part production itself. Regard-
ing this stage, the main causes of environmental impact are electricity consumption, the use
of liquid nitrogen, heat, the electronic component factory, and the emissions of hydrogen
fluoride. All the diode production inputs are based on Ecoinvent’s data, as prevoiusly
explained in the paper. In general, environmental impacts created by part production
processes are lower than raw material acquisition impacts. Nevertheless, as it will be
explained, there are exceptions.
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Table 4. Percentage of environmental impact due to materials.
Impact Category Ecolnvent BAT17 BZX84B10LT1G  BZX84C20 CMPD1001A PLVA650A AZ23C10 BAS17 DDZX10C ESDA14V2L
Abiotic depletion 95.6% 99.1% 48.5% 99.6% 99.6% 99.3% 99.6% 91.8% 99.2% 99.7%
Abiotic depletion 4.8% 8.0% 1.4% 14.0% 15.9% 9.2% 14.5% 2.9% 8.7% 20.0%
(fossil fuels)
Gl?é@bgfgég;r‘g 5.1% 7.2% 1.2% 12.8% 14.6% 8.3% 13.4% 2.7% 8.0% 18.6%
4 Ozone layer 12.6% 20.5% 1.6% 22.6% 26.0% 16.7% 24.8% 6.3% 15.6% 33.1%
epletion (ODP)
Human toxicity 85.8% 78.8% 5.9% 90.0% 90.6% 81.8% 88.5% 16.7% 80.0% 92.4%
Fresmgjé?éjquaﬁc 86.7% 80.3% 7.3% 91.0% 91.5% 83.4% 89.6% 18.1% 81.7% 93.2%
Marine aquatic 63.9% 52.7% 1.6% 73.3% 74.7% 57.8% 70.3% 5.5% 55.0% 78.9%
eC0t0x1C}ty
Terrestrial 22.1% 64.9% 3.7% 82.6% 83.5% 69.9% 80.1% 6.4% 67.3% 86.3%
ecotox1c1ty
Phgfg;gfg‘;fal 10.3% 12.0% 18.6% 25.1% 25.8% 23.3% 26.1% 18.9% 22.5% 30.4%
Acidification 16.6% 15.6% 20.7% 31.3% 32.0% 27.2% 31.6% 21.1% 26.6% 37.2%
Eutrophication 80.3% 71.9% 3.0% 86.3% 87.1% 75.9% 84.5% 11.5% 73.7% 89.6%
Table 5. Percentage of environmental impact created due to part production.
Impact Category EcoInvent BAT17 BZX84B10LT1G  BZX84C20 CMPD1001A PLVAG650A AZ23C10 BAS17 DDZX10C ESDA14V2L
Abiotic depletion 4.4% 0.9% 51.5% 0.4% 0.4% 0.7% 0.4% 8.2% 0.8% 0.3%
Abiotic depletion 95.1% 91.8% 98.5% 85.9% 84.0% 90.7% 85.4% 96.9% 91.1% 79.9%
(fossil fuels)
Global warming o o o o o o o o o o
(GWP100a) 94.7% 92.6% 98.6% 87.0% 85.2% 91.5% 86.4% 97.1% 91.8% 81.2%
q Ozone layer 87.1% 79.3% 98.1% 77.2% 73.8% 83.1% 75.0% 93.5% 84.2% 66.7%
epletion (ODP)
Human toxicity 14.2% 21.1% 93.8% 10.0% 9.4% 18.1% 11.4% 83.1% 20.0% 7.6%
Fresm;’j‘éféjquatlc 13.0% 19.4% 90.8% 8.8% 8.3% 16.3% 10.2% 80.3% 17.9% 6.7%
Mziioﬁzji%ﬁ?lﬁc 36.0% 47.2% 98.3% 26.6% 25.3% 42.1% 29.7% 94.3% 44.9% 21.1%
ggggﬂg@ 77.8% 35.1% 96.2% 17.4% 16.5% 30.1% 19.9% 93.5% 32.7% 13.7%
Phgj{?ﬁ?ﬁg‘fd 89.6% 87.8% 81.2% 74.7% 74.1% 76.6% 73.7% 80.9% 77.3% 69.5%
Acidification 83.4% 84.3% 79.2% 68.6% 68.0% 72.8% 68.3% 78.9% 73.3% 62.8%
Eutrophication 19.7% 28.1% 96.9% 13.6% 12.9% 24.1% 15.5% 88.4% 26.2% 10.4%
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For the abiotic depletion category, the percentages of environmental impacts for the
analysed diodes are the lowest of all categories: less than 8.2% of the total impact in all
diodes, except in diode BZX84B10LT1G, with a higher percentage, 51.5%. However, abiotic
depletion also shows the lowest impact of all categories in diode BZX84B10LT1G.

In contrast, abiotic depletion (fossil fuels) and global warming (GWP100a) categories
generate the highest values for all diodes, from 98.6% in diode BZX84B10LT1G to 79.9%
in diode ESDA14V2L, depending on their gold content and electricity consumption, as
previously mentioned.

In between the maximum and minimum values of the part production’s environmental
impact are found photochemical oxidation, acidification, and ozone layer depletion (ODP)
categories, with values lower than the maximum, between 62.8% and 98.1%. The highest
value of this range, 98.1%, belongs to BZX84B10LT1G for the ozone layer depletion (ODP)
category, whereas the lowest of the range is a mere 62.8%, corresponding to the diode
ESDA14V2L for the acidification category.

In the following categories: human toxicity, freshwater aquatic ecotoxicity, marine
aquatic ecotoxicity, terrestrial ecotoxicity, and eutrophication, the percentages of environ-
mental impact are also placed between the maximum and minimum set, with low values
close to the minimum. In general, in these categories, environmental impact values are
between 6.7% in ESDA14V2L and 47.2% in BAT17. However, there are some exceptions,
with values not included in the mentioned range. It is the case of diodes BZX84B10LT1G
and BAS17. Both diodes do not behave like the others for these categories showing, the
first one, BZX84B10LT1G, a value around 95.0%, and the second one, BAS17, around the
range of 90.0%.

Something similar happens in the Ecolnvent dataset diode. The percentage for ter-
restrial ecotoxicity is 77.8%, higher than in human toxicity, freshwater aquatic ecotoxicity,
marine aquatic ecotoxicity, and terrestrial ecotoxicity, and eutrophication categories for
the same diode, for which percentages are between 13.0% and 36.0%4.2.3. Environmental
Impact of the End of Life

The environmental impact created by the end of life treatments is the lowest one.
Considering all categories, the impact is between 0.0% and 1.8% of the total. In this
subsection, there is no table including all the end of life environmental impact values for
each category, as they are obtained by subtracting from 100% the environmental impacts of
the raw material acquisition, as shown in Table 4, and the environmental impact of the part
production, as shown in Table 5.

Almost all environmental impact values derived from the end of life are lower
than 1.0%, except for the freshwater aquatic ecotoxicity category. In the case of diode
BZX84B10LT1G, the environmental impact created by the end of life is approximately 1.8%,
and 1.6% in the case of diode BAS17; both values derived from the absence of gold content
in those diodes, given the influence of gold attendance in the mentioned category.

4.3. Study of the Environmental Impact Generation of Four Selected Diodes

Once the influence of each life cycle stages over the environmental impact has been
analysed, the impact of four selected diodes has been studied more in detail in this section.
The criteria to analyze in more detail four diodes is based on environmental impact, and on
material composition. On the one hand, the diode with higher environmental impacts and
more gold content, and the diode with lower environmental impact, and no gold content,
will be analyzed. On the other hand, two diodes with average environmental impact values
will be analyzed, one without magnesium oxide, and the other one with magnesium oxide,
which is a critical raw material that is used in some diodes. During this analysis, it can be
observed how material composition influences the environmental impact results.

The four selected diodes analysed in this section are: ESDA14V2L, AZ23C10, PLVA650A,
and BZX84B10LT1G. On the one hand, ESDA14V?2L, has the highest environmental impact and
the highest gold content. On the other hand, the last one, BZX84B10LT1G, shows the lowest
environmental impact, as it does not include gold or silver in its composition. In between
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are included diodes AZ23C10 and PLVA650A; with intermediate environmental impact
values between the maximum and minimum and, in any case, higher than those shown
by the Ecolnvent dataset. Comparing both, the diode AZ23C10 shows a more significant
environmental impact value than diode PLVA650A, probably caused by the presence of
magnesium oxide, considered as a critical raw material in the diode AZ23C10.

4.3.1. Environmental Impact of ESDA14V2L Diode

Table 6 shows the environmental impact of each category. In the case of gold, it
produces most of the environmental impact for the ESDA14V2L diode in these categories:
abiotic depletion, human toxicity, freshwater aquatic ecotoxicity, marine aquatic ecotoxicity,
terrestrial ecotoxicity, and eutrophication; creating from 76.4% of the environmental impact
in the marine aquatic ecotoxicity category (3.54 x 10% kg 1.4-DB eq) up to 92.3% in the
abiotic depletion one (1.75 x 10~ kg Sb eq).

Moreover, the electricity consumption also generates a large amount of the environ-
mental impact of this diode on abiotic depletion (fossil fuels), global warming (GWP100a),
ozone layer depletion (ODP), photochemical oxidation, and acidification categories, ob-
taining values between 34.7% for photochemical oxidation (3.81 x 107> kg C,Hy eq) and
51.6% (1.83 x 10! kg CO, eq) in global warming (GWP100a) category.

The nickel contribution is remarkable for the photochemical oxidation and acidifica-
tion categories, with 13.22% (1.45 x 10> kg C,Hy eq) and 13.86% (3.64 x 10~* kg SO,
eq) of the environmental impact, respectively. However, the presence of silver or nitrogen
elements is less relevant than previous percentages of the environmental impact results, less
than 8.80%. Even in this diode, a low influence on the environmental impact is achieved by
the electronic component factory category, with less than 3.68%; or by the heat one, with
less than 9.61%. In the case of the Ecolnvent’s assumption of the auxiliaries and energy
use type, it creates up to 13.2% (6.10 x 10? kg 1.4-DB eq) of the marine aquatic ecotoxicity
category’s impact.

4.3.2. Environmental Impact of AZ23C10 Diode

Table 7 shows the environmental impacts of diode AZ23C10 generated in each cat-
egory. The environmental impact generated by gold in this diode varies considerably
among the eleven categories, from 9.65% (3.21 x 1072 kg CO; eq) in the global warming
(GWP100a) category up to 93.0% (1.11 x 10~ kg Sb eq) in the abiotic depletion. The
considerable variation of environmental impact values is similar to the previous diode, as
there are categories in which the presence of gold influences more than in others. In the
abiotic depletion, freshwater aquatic ecotoxicity, human toxicity, eutrophication, terrestrial
ecotoxicity and marine aquatic ecotoxicity categories, the highest environmental impact
values generated by gold are achieved, ranging from 68.10% (2.24 x 10 kg 1.4-DB eq) in the
marine aquatic ecotoxicity category to 93% (1.11 x 10~ kg Sb eq) in the abiotic depletion.

In contrast, categories such as photochemical oxidation, global warming (GWP100a),
abiotic depletion (fossil fuels), acidification, and ozone layer depletion (ODP) show higher
percentages of the environmental impact created due to electricity consumption in the
production processes: between 36.9% (3.81 x 10~° kg C,Hy eq) for photochemical oxidation
and up to 54.9% (1.83 x 10~! kg CO, eq) in global warming (GWP100a).
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Table 6. Detailed study of environmental impact of diode ESDA14V2L (impacts for 1 g of diode).

. Auxiliaries and Electricity . . Electronic .
Impact Category Unit Gold Energy Use Consumption Silver Nitrogen Component Factory Heat Nickel Others Total
Abiotic depletion kg Sb eq 1.75 x 1074 0.00 x 10 7.22 x 1078 1.35 x 1075 8.23 x 1077 2.57 x 1077 256 x 107 1.09 x 1077 756 x 1077 1.90 x 10~*
Ab(lgggiflfféf;;on MJ 6.36 x 10! 0.00 x 10 201 x 10 113 x 1071 642 x 102 6.80 x 102 267 %1071 138x102  638x 1071  4.09 x 10
Gl?é%;’fgé;‘;“g kg CO2 eq 5.06 x 1072 0.00 x 10 1.83 x 10! 9.50 x 10~3 5.35 x 1073 7.21 x 1073 314 x 1072 133 x10~%  4.04x 1072 3.54 x 107!
Ozone layer kg CFC-11 9 9 9 -1 -1 -1 -1 9 -8
depletion (ODP) eq 5.92 x 10 0.00 x 10 8.92 x 10 1.57 x 10 6.26 x 10 9.00 x 10 6.17 x 10 1.02 x 10 4.87 x 10 245 x 10
Human toxicity kg 1.4-DB eq 1.77 x 10 428 x 1072 533 x 102 4.49 x 1072 2.03 x 1073 2.35 x 1072 792x107%  7.03x107%  1.53 x 1072 1.98 x 10
Fres}“;’jéfg)j‘luanc kg 1.4-DBeq 1.25 x 10 7.01 x 107° 5.89 x 1072 3.18 x 1072 2.76 x 1073 1.01 x 102 487 x107% 591x107% 121x1072  1.38x10
Mgzlor;f)ji%;‘t;“c kg 1.4-DBeq 3.54 x 10° 6.10 x 102 2.40 x 102 9.64 x 10! 8.14 x 10 3.18 x 10! 2.49 x 101 1.17 x 10! 3.80 x 100 4.63 x 10°
(}fg{gigﬁ; kg14-DBeq  3.40 x 1073 442 x 1078 3.52 x 104 290 x 102 1.69 x 105 442 x 107> 329 x107° 143 x 1075 656 x 107>  4.00 x 1073
Phg}(‘i’g};gﬁcal kg C2H4 eq 1.37 x 1075 9.20 x 107¢ 3.81 x 107° 3.58 x 107° 1.11 x 1076 3.25 x 107° 1.05x 1075  145x107°  1.04x1075 1.10x 107*
Acidification kg SO2 eq 490 x 1074 8.41 x 107> 9.37 x 107* 9.18 x 107° 256 x 107° 6.02 x 1075 225 x107% 364 x107* 218 x107* 263 x 1073
Eutrophication kg PO4 eq 493 x 1073 228 x 107° 3.64 x 1074 1.36 x 1074 1.59 x 1075 3.15 x 1075 367 x107° 129x107° 875x107° 568 x 1073
Table 7. Detailed study of the environmental impact of diode AZ23C10 (impacts for 1 g of diode).
. Auxiliaries and Electricity . . Electronic .
Impact Category Unit Gold Energy Use Consumption Silver Nitrogen Component Factory Heat Nickel Others Total
Abiotic depletion kg Sb eq 1.11 x 1074 0.00 x 10 7.22 x 1078 7.15 x 107° 1.48 x 1078 2.57 x 1077 256 x 1070 110x 1077 393 x 1077 1.19 x 10~*
Ab(llf(’)tsl;flffifson MJ 403 x 101 0.00 x 10 2.01 x 10 598 x 1072 345 x 10~ 6.80 x 1072 267 %1070 139x1072 663 x 1071 3.83x10
Gl;’g%glaggsng kg CO2 eq 3.21 x 102 0.00 x 10 1.83 x 1071 5.05 x 1073 3.11 x 102 7.21 x 1073 314 x 1072 134x1073 418 x 102 333 x 107!
Ozone layer kg CFC-11 -9 -9 -1 -9 -1 -1 -1 -9 -8
depletion (ODP) eq 3.76 x 10 0.00 x 10 8.92 x 10 8.33 x 10 1.56 x 10 9.00 x 10 6.17 x 10 1.03 x 10 511 x 10 218 x 10
Human toxicity ~ kg 1.4-DB eq 1.13 x 10 428 x 1072 5.33 x 1072 239 x 1072 9.22 x 1073 235 x 1072 792 x 1073  7.08x107% 123x107%2 131x10
Fresmgj;fg)jquaﬁc kg14-DBeq  7.92 x 107! 7.01 x 107° 5.89 x 1072 1.69 x 1072 1.01 x 1072 1.01 x 1072 487 x107%  595x107% 131x1072 9.12 x 10~*
Mgzglg j{gﬁ;ﬂc kg 1.4-DB eq 224 x 103 6.10 x 102 2.40 x 107 5.12 x 10! 4,08 x 10! 3.18 x 10 2.49 x 10! 1.18 x 101 495 x 101 3.30 x 10°
ggfgifzﬁ‘}l, kg14-DBeq  2.16 x 1073 442 x 1078 352 x 1074 1.54 x 1075 6.03 x 107° 442 x 1070 329 x 1075 144 x107° 608x 1075 274 x 1073
P hg)tfi’fﬁa‘fig‘rlfal kg C2H4eq  8.66 x 1076 9.20 x 1076 3.81 x 1075 1.90 x 1076 6.51 x 106 3.25 x 1076 1.05x 107 146 x 1075  1.03x 1075  1.03 x 1074
Acidification kg SO2 eq 3.11 x 107 8.41 x 107° 9.37 x 107* 4.88 x 107° 1.60 x 1074 6.02 x 107° 225x 107 367 x107™* 227 x107* 242 x 1073
Eutrophication kg PO4 eq 3.13 x 1073 228 x 107> 3.64 x 1074 7.23 x 107° 6.19 x 107> 3.15 x 107° 367x107°  130x 107> 878 x 107> 3.82 x 1073
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The following elements in order of importance are silver, nitrogen, and nickel. In
silver, the percentage varies up to 5.99% for the marine aquatic ecotoxicity category, up
to 9.00% in nitrogen for the abiotic depletion category (fossil fuels), and up to 15.20% in
nickel for the acidification category. On the other hand, the processes or treatments that
highly influence the environmental impact are auxiliaries and energy use (0.00-18.50%),
electronic component factory (0.22-4.14%) and finally heat (0.002-10.20%).

4.3.3. Environmental Impact of PLVA650A Diode

The environmental impact generation of diode PLVA650A is analysed in Table 8. In
this diode, the highest environmental impact values are generated in the abiotic depletion,
freshwater aquatic ecotoxicity, human toxicity, eutrophication and terrestrial ecotoxicity
categories due to its gold content, showing values between 91.1% (6.35 x 10~ kg Sb
eq) for the abiotic depletion and 68.0% (1.23 x 10~3 kg 1.4-DB eq) for the terrestrial
ecotoxicity category.

The consumption of silver is relevant for the abiotic depletion category with 7.11%
(4.95 x 107° kg Sb eq) of the environmental impact. In the case of nickel, its pres-
ence is relevant for the photochemical oxidation and acidification categories, with 14.8%
(1.47 x 107 kg Co,Hy eq) and 16.3% (3.69 x 10~* kg SO, eq), respectively.

The contribution of electricity consumption varies between 58.1% and 38.3% in
global warming (GWP100a), abiotic depletion (fossil fuels), ozone layer depletion (ODP),
acidification, and photochemical oxidation categories. In comparison, auxiliaries and
energy use shows its major influence over the marine aquatic ecotoxicity group, with
26.3% (6.10 x 10 kg 1.4-DB eq).

4.3.4. Environmental Impact of BZX84B10LT1G Diode

This diode has the lowest environmental impact, and also, as it can be seen in Table 9,
it does not include gold and silver in its material composition. Critical materials such
as antimony, cobalt, or magnesium are also not included in the material composition of
diode BZX84B10LT1G. Nevertheless, other critical materials such as silica sand are, but
their environmental impact value is low, reducing the environmental impact generated by
this diode.

As shown in Table 9, in diode BZX84B10LT1G its electricity consumption generates
the highest environmental impacts for all categories except for the abiotic depletion. The
electricity consumption of the production processes generates from 24.1% (2.40 x 10% kg
1.4-DB eq) in the marine aquatic ecotoxicity category up to 62.6% (1.83 x 10~! kg CO, eq)
in the global warming (GWP100a) one.

Nickel consumption highly influences the environmental impact: 17.6% (1.65 x 1075 kg
C,H, eq) in the photochemical oxidation category and 19.9% (4.14 x 10~* kg SO, eq) for the
acidification category. Finally, auxiliaries and energy use creates an essential impact in the
marine aquatic ecotoxicity category, with 61.3% (6.10 x 10? kg 1.4-DB eq) of the impact.
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Table 8. Detailed study of the environmental impact of diode PLVA650A (impacts for 1 g of diode).

Impact Category Unit Gold Auxiliaries and Electricity Silver Nitrogen Electronic Component Heat Nickel Others Total
Energy Use Consumption Factory
dﬁgf&ﬁﬁn kg Sb eq 6.35 x 107° 0.00 x 10 7.22 x 1078 495 x 107° 1.48 x 1078 257 x 1077 2.56 x 1077 111 x 1077  792x1077 697 x107°
Abiotic
depletion (fossil M] 231 x 1071 0.00 x 10 2.01 x 10 415x 1072 345 x 107! 6.80 x 1072 2.67 x 1071 140 x 1072 6.34 x 1071 3.61 x 10
fuels)
Gl‘()g%glagég;ng kgCO2eq 184 x 102 0.00 x 10 183 %1070 350x1073 3.1 x 102 721 x 103 314%102  135x10°  380x102  3.14x 10"
degi‘;;zl?g’)%m kg CFC-11eq  2.15 x 10~° 0.00 x 10 8.92 x 1072 577 x 1071 1.56 x 1079 9.00 x 10~! 617 x 1071 103 x 10! 477 x10™°  1.96 x 1078
Human toxicity ~ kg 1.4-DB eq 6.44 x 1071 428 x 1072 5.33 x 1072 1.65 x 1072 922 x 1073 235 x 1072 792x107%  712x107% 216 x107%2 826 x 107!
Freshwater _ _ _ _ _ _ _ _ _ _
aquatic ecotox. kg 1.4-DB eq 454 x 1071 7.01 x 1075 5.89 x 1072 1.17 x 1072 1.01 x 1072 1.01 x 1072 487 x107% 599 x 1073 133 x 1072 5.69 x 1071
Mgzﬁ‘éji%‘;t;uc kg 1.4-DB eq 1.28 x 103 6.10 x 102 2.40 x 102 3.55 x 10! 4.08 x 10! 3.18 x 10! 2.49 x 10! 1.19 x 10! 451 x 10! 2.32 x 10°
gcecftrgigf; kg14-DBeq  123x10°3 442 x 1078 352 x 107* 1.07x 1075 6.03 x 107° 442 x107° 329x107°  145x 1075 754 x107°  1.82x 107
Phgf(‘i’cclgffg‘fal kgC2H4eq 496 x 1076 9.20 x 107° 3.81 x 107° 132x 1076 651 x 1076 3.25 x 1076 1.05x 1075 147 x1075 111 x 1075  9.96 x 10~5
Acidification kg SO2 eq 1.78 x 1074 8.41 x 1075 9.37 x 1074 338 x107° 160 x 107* 6.02 x 1075 225 x107% 369 x107* 223 x107% 227 x 1073
Eutrophication kg PO4 eq 1.79 x 1073 228 x 107° 3.64 x 1074 501 x 107° 619 x 107° 3.15 x 1075 367 x107° 131 x107° 899 x 1075 246 x 1073
Table 9. Detailed study of the environmental impact of diode BZX84B10LT1G (impacts for 1 g of diode).
. Auxiliaries and Electrici . . Electronic C t .
Impact Category Unit Gold %ﬁelragr;,ef]:: Conzflrﬁgtit)(’) n Silver Nitrogen ¢ rorg:ct(:)rr;\ponen Heat Nickel Others Total
dﬁsfgtt;gn kg Sb eq 0.00 x 10 0.00 x 10 7.22 x 108 0.00 x 10 1.48 x 1078 2.57 x 1077 256 x107°  124x 1077  519x1077  9.90 x 107
Abiotic
depletion (fossil M] 0.00 x 10 0.00 x 10 2.01 x 10 0.00 x 10 3.45 x 107! 6.80 x 1072 2.67 x 107! 157 x 1072 6.14 x 107! 332 x 10
fuels)
Gl?g%;’lagggng kg CO2 eq 0.00 x 10 0.00 x 10 1.83 x 1071 0.00 x 10 3.11 x 1072 7.21 x 1073 314x 1072 151x 1073  378x 102 292 x 10"
degi‘:{;erll?gfsp) kg CEC-1leq  0.00 x 10 0.00 x 10 8.92 x 109 000x10 156 10°° 9.00 x 10~ 617x10°1  116x10°1 449 x 109  1.66 x 1078
Human toxicity =~ kg 1.4-DBeq 0.00 x 10 4.28 x 1072 533 x 1072 0.00 x 10 9.22 x 1073 2.35 x 1072 792x107%  799x107%  153x 1072  1.60 x 107!
Freshwater R _5 2 ) 2 _3 _3 2 1
aquatic scotox. kg 1.4-DB eq 0.00 x 10 7.01 x 10 5.89 x 10 0.00 x 10 1.01 x 10 1.01 x 10 4.87 x 10 6.72 x 10 1.12 x 10 1.02 x 10
Mgzﬁg;‘gﬁ;“c kg 1.4-DB eq 0.00 x 10 6.10 x 102 2.40 x 102 0.00 x 10 4.08 x 10 3.18 x 10! 2.49 x 10! 1.33 x 10! 3.42 % 10! 9.95 x 102
gfgfgiﬁ‘li}l, kg 1.4-DB eq 0.00 x 10 442 x 1078 352 x 1074 0.00 x 10 6.03 x 10~° 442 x 107° 329107  1.62x107°  624x107° 568 x 1074
Phg;?ﬁgﬁ‘é‘fal kg C2H4 eq 0.00 x 10 9.20 x 1076 3.81 x 1075 0.00 x 10 6.51 x 1076 3.25 x 1076 105x 1075  165x1075  984x107® 939 x 1075
Acidification kg SO2 eq 0.00 x 10 8.41 x 107° 9.37 x 107* 0.00 x 10 1.60 x 1074 6.02 x 1075 225x107* 414 x107*  200x107*  2.08 x 1073
Eutrophication kg PO4 eq 0.00 x 10 228 x 107° 3.64 x 1074 0.00 x 10 6.19 x 107> 3.15 x 1072 3.67 x 1073 147 x 107°  8.04 x 107> 6.12 x 107




Electronics 2021, 10, 1033

18 of 21

5. Conclusions

The material compositions of 10 types of SMD diodes, including the Ecolnvent diode
dataset, have been analysed in order to determine the influence of the material composition
over the whole environmental impact.

Considering the Ecolnvent dataset results as the benchmark 100%, their environmental
impact percentages vary from 8.5% up to 1632.8%, depending on the gold content included
in their compositions. Analysing more in detail the diodes with the highest and the lowest
values of environmental impact, besides gold, the materials with the highest influence in
terms of environmental impact importance are silver and nickel, none of them considered
as critical raw materials.

Nevertheless, they have a significant influence on the environmental impact. The
presence of critical raw materials is also remarkable in SMD diodes with higher impacts,
as it is the case of antimony, cobalt, magnesium, and silica sand; most of them present in
diodes ESDA14V2L, CMPD1001A and AZ23C10.

Raw material acquisition generates the highest environmental impacts in the abiotic
depletion category for all studied diodes, from 48.5% to 99.7% of the total impact. Also,
in human toxicity, freshwater aquatic ecotoxicity, marine aquatic ecotoxicity, terrestrial
ecotoxicity and eutrophication categories, high environmental impacts are achieved by raw
material acquisition, while, in contrast, the environmental impact of the part production
processes in the abiotic depletion category in most of the studied diodes is less than 1%.
The highest environmental impacts due to part production processes are mainly created
in all diodes for the following categories: abiotic depletion (fossil fuels), global warming
(GWP100a), ozone layer depletion (ODP), photochemical oxidation, and acidification.
The environmental impact created by end-of-life treatments is the lowest compared to
raw materials acquisition or production processes, less than 1.85% of the total impact.
Regarding the life cycle stages out of the system, as diodes are lightweight components,
transportation to the users is not usually a relevant impact when compared to the rest
of the LCA stages. Assembly (soldering) is usually not relevant when compared to the
whole impact of the component. However, the use phase could be a significant part of the
environmental impact, depending on the diode’s final application. This use phase should
be studied on a product level in order to see the significance of this stage, as the energy
consumption of one individual electronic component cannot be easily obtained.

This study has been performed employing information published by the manufactur-
ers of SMD diodes, so data is available to analyse these electronic components’ environ-
mental impact. Nevertheless, to further improve this comparison, manufacturers should
provide information about their production processes and waste generation. In addition,
from a circular economy point of view, it would be highly recommendable that manufac-
turers of electronics were able to publish the environmental impacts of their parts and,
what is even more challenging, to get to know the precedence of the raw materials used.
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