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Abstract: Energy harvesting has been identified as a key enabling technology for the Internet of
Things as it allows a battery-less functioning of electronic devices. While the use of ambient sources
of energy is commonly seen as sustainable due to their renewable nature, raw material consumption
and recyclability need to be assessed to ensure true sustainability. This is especially relevant in
electronics, due to their high complexity stemming from the variety of components and materials
in their composition. This work presents the case study of the application of the 12 Principles of
Green Engineering to an energy-harvesting platform in the early technology development phase.
Specifically, the technological areas of design for disassembly, materials for substitution, fabrication
efficiency, and manufacturing processes that enable the use of recycled materials have been evaluated.
This has allowed us to identify hazardous raw materials and recommend their substitution. Further
recommendations include the adoption of mechanical fixtures to fasten lump components. Additional
strategies have been identified but their application has been found out of reach of the technology
developers, such as the increase in the manufacturing batch size or the inclusion of solvent recycling,
which can only be implemented at larger manufacturing scales. Further strategies, such as the use
of recycled Si wafers or dry adhesives as fixtures, represent future solutions for the reduction in the
environmental impact which require further R&D efforts from different disciplines. This highlights
the need for holistic and multidisciplinary research efforts to fully achieve the circular design.

Keywords: green engineering; energy harvester; nanomaterials; electronics; circular economy;
circular design

1. Introduction

The Internet of Things (IoT) is one of the bases of the fourth Industrial Revolution [1], a
trend towards automatization and data exchange aimed at increasing operational efficiency.
This scenario requires a huge network of connected physical objects (“things”) through
the internet. Through remote accessibility and automatization, repeatability and increased
efficiency of task performance are achieved [2–5].

The need for regular battery replacement is hindering the market penetration of many
IoT devices by making it economically unviable, unappealing to potential customers, or
simply impracticable to undertake battery replacement or recharge due to logistics.

The need for battery-free ultralow-power devices, possibly wearable or implantable, is
increasing dramatically in applications such as medical [6,7] and environmental [8] monitor-
ing, industrial automation [9], wireless sensor networks [10,11], intelligent transportation
systems [12], and infrastructure monitoring [13,14], among others. Thus, energy harvesting
has been identified as a key enabling technology for the green Internet of Things [15]. It
could lead to a lower CO2 footprint of future IoT devices by adopting environmentally
friendly materials and reducing cabling and battery usage [15]. In this direction, the
EU-funded project NANO-EH (Nanomaterials Enabling Smart Energy Harvesting For
Next-Generation Internet-Of-Things [16]) has the objective of developing a multi-source
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energy harvester technological platform by translating forefront knowledge in novel smart
nanomaterials such as HfZrO, 2D MoS2, and VO2(B) and their nanomaterial structures
into advanced engineering that enables efficient manufacturing processes. The platform
integrates radiofrequency energy harvesting at micro- and millimeter waves, piezoelectric
energy harvesting, and light harvesting, together with energy storage capabilities through
integrated pseudo and supercapacitors. Some of the scientific outcomes on the nanomate-
rials under study have been published elsewhere [17–23]. While energy harvesting from
ambient sources is renewable and, thus, commonly seen as sustainable, the Paris Agree-
ment [24] and the Sustainable Development Goals [25] broaden the meaning of sustainable
energy to resource efficiency, bringing recyclability and the innocuity of materials into play.
Indeed, as the first generation of renewable energy infrastructure is reaching its end-of-life
phase, their sustainability is being questioned based on their raw material consumption
and difficult recyclability or material recovery plans [26–28].

Raw material consumption and low or complex recyclability are particularly relevant
for electronic devices such as energy harvesters, stemming from the variety of components
and materials in their composition and accelerated growth of their waste [29,30].

Indeed, electronic waste is currently the world’s fastest-growing waste stream. The
UN Global E-waste Monitor 2020 [31] reports that e-waste (excluding PV waste) reached
53.6 million metric tonnes (Mt) in 2019. The global generation of e-waste will almost double
in 16 years, with a growth projection to 74.7 Mt by 2030 [31]. Europe is the continent with
the highest documented e-waste collection and recycling rate at 42.5% [31]. Worldwide, col-
lection and recycling sinks to 17.4% of the generated e-waste, and the fate of the remaining
82.6% (44.3 Mt) is uncertain [31].

Discarded electronic and electrical equipment may contain potentially harmful materi-
als that pollute the environment and pose a health and safety hazard for people involved
in their informal recycling. These can include phosphor coatings, lead, polychlorinated
biphenyls, mercury, and halogenated flame retardants (typically bromine) in plastics [32].
This has triggered EU legislation restricting the use of hazardous substances in electri-
cal and electronic equipment and, in particular, lead, cadmium, mercury, hexavalent
chromium, polybrominated biphenyls (PBB), and polybrominated diphenyl ethers (PBDE),
bis(2-ethylhexyl) phthalate (DEHP), butyl benzyl phthalate (BBP), dibutyl phthalate (DBP),
and diisobutyl phthalate (DIBP) [33,34].

Human rights respect is another subject of concern concerning the sourcing of raw ma-
terials used in electronics manufacturing, including conflict metals tin, tantalum, tungsten,
and gold [35], and EU regulation requires background checks of suppliers [36].

Further, risk of supply is present for a growing number of raw materials used in
electronics. The 2020 EU Critical Raw Materials List [37] includes magnesium, germanium,
borates, cobalt, natural graphite, vanadium, tungsten, titanium, gallium, silicon metal,
and hafnium.

The large amounts of generated e-waste coupled with resource scarcity highlight the
need for the adoption of a circular economy approach in the development of electronics
and energy-generation devices.

Circular design and the circular economy (CE) are somewhat fluid concepts. A recent
paper reviewed 221 definitions of the circular economy in order to assess the consolidation
of the concept [38]. It reports that 70–80% of articles recognize “reuse” and “recycle” as
the two fundamental principles of CE, and 40% of the definitions mention value mainte-
nance and resource efficiency as an aim of the CE. Despite the variety of interpretation
and implementation approaches to the CE, the underlying concepts are not new. It is
acknowledged that the schools of thought feeding into the concept include [39] cradle to
cradle [40], industrial ecology [41], biomimicry [42], laws of ecology [43], the performance
economy [44], regenerative design [45], permaculture [45], natural capitalism [46], and
industrial metabolism [47].

The recent literature on circular design focuses on business models [48–50] or methods
to support or measure circularity [51–54]. Reports on technical strategies for product devel-
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opment are scarcer [55]. This has been captured in the circular economy conceptualization
work by Kirchherr et al., who coded “business models” and “consumers” as circular econ-
omy enablers in 2017 [56], whereas they included “technology and innovation” as enablers
in their 2023 revision [38]. Thus, technology development fulfilling circular design is still in
its infancy. In this paper, the technology developer’s point of view is taken, who undertakes
material and manufacturing technique choices or explores replacement possibilities and is
confronted with technical barriers and limitations when seeking circular design. It is widely
acknowledged that the early development stage is critical for the environmental impact
and consequences of technology [57–59]. Therefore, recyclability and circular design must
be considered from the early technology development phase.

Cradle-to-cradle design methodology is concerned with the design and development
of products and processes and, hence, suitable to the technology development at hand. It
antagonizes with current recycling in that it starts from the beginning (design for recycling),
rather than the current end-of-pipe approach (what to do with waste) [40]. Cradle to cradle
sets a vision for product designers towards “what do I do” [60] yet lacks concretion as
academic research methodology. Concretion towards “How do I do it?” can be obtained
with the 12 Principles of Green Engineering [60]. Thus, these principles [61] are selected in
this work as circular design methodology through which the NANO-EH energy-harvesting
platform will be benchmarked.

The 12 Principles of Green Engineering are a guideline for scientists and engineers
aiming to design new materials, products, processes, and systems that are friendly to human
health and the environment [61]. They are conceived for extensive applicability, from the
construction of chemical compounds to urban architecture [61]. Some examples include
“designers need to strive to ensure that all material and energy inputs and outputs are as
inherently nonhazardous as possible” (Principle 1) or “multicomponent products should
strive for material unification to promote disassembly and value retention” (Principle 9).

This paper presents a case study on the systematic application of the 12 Principles
of Green Engineering [61] to the design of an energy-harvesting platform, currently in
technology readiness level (TRL) 1–3, in order to obtain recommendations that improve
the sustainability and circularity of the design. While energy-harvesting technologies are a
vibrant area of research, a literature search combining energy harvesting + circular design,
energy harvesting + green engineering, and energy harvesting + cradle to cradle on Google
Scholar provided no meaningful results. The search term “recyclable energy harvester”
provided some examples where this aspect has been taken into account. Xu et al. [62] report
the development of triboelectric nanogenerators using polyvinyl alcohol (PVA) hydrogel as
substrate material. The developed energy harvester is labeled as “environmentally friendly”
and “recyclable” based on the biodegradability of the PVA hydrogel. However, aspects
including raw material health and safety, manufacturing efficiency, disassembly of the
different components and material layers, or the definition of “environmentally friendly”
are not covered in the work. Ren et al. [63] report a thermoelectric generator based on
modular thermoelectric chips, liquid metal as electrical wiring, and dynamic covalent
thermoset polyimine as both the substrate and encapsulation for liquid–metal wiring. This
design includes different aspects which fit into the selected definition and methodology
for circular design (12 Principles of Green Engineering), such as recyclability, modularity,
and disassembly. However, the consideration of other aspects such as raw material toxicity
or manufacturing efficiency do not appear to be reported. Slabov et al. [64] present a
review on “natural” and “eco-friendly” materials for triboelectric energy harvesting. The
term “eco-friendly” is not defined. From the text it can be derived that it is considered as
bio-based. The review reports advances in triboelectric energy harvesting with bio-based
materials, though it acknowledges that, in all reported designs, polymers are used as
substrates. The mixing of bio-based and non-bio-based materials in a product is seen as
a design flaw towards recycling, as it prevents the biodegradation of the product given
the non-bio components, as well as prevents the recycling of the technical materials given
the biodegradable content [40]. Thus, to the best knowledge of the authors, a systematic
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analysis and benchmark of an energy harvester concerning its recyclability and circular
design against a defined set of criteria, here selected as the 12 Principles of Green Engineer-
ing, has never been presented before. Through this systematic analysis, specific change
recommendations for increased circularity will be proposed, which could be also applicable
to other electronic devices. This constitutes the first objective of the paper. Further, it seeks
to answer the general overreaching question: to what extent can a technology developer
fully fulfill the 12 Principles of Green Engineering? This constitutes the second objective of
the paper.

2. Materials and Methods
2.1. Description of the Object of Study and Main Materials

The object of study is the NANO-EH energy supply platform. The initial design
has considered a general understanding for sustainability and recyclability, without a
specific methodology for circular design. It consists of radiofrequency energy harvesters,
an energy storage module based on pseudocapacitors, and a wake-up module. This last
module aims at overcoming the technological barrier in RH harvesting of the minimum
amount of power necessary to make the rectifying diode work efficiently in its nonlinear
region to improve the RF-to-DC efficiency by “waking-up” the nonlinear circuitry of the
RF harvesting module. The elements comprising each module are summarized in Table 1.

Table 1. Description of the NANO-EH energy supply platform under study.

Module Element Material under Research

RF harvesters

Array of rectennas 2.45 GHz band HfZrOf
Array of rectennas 24–28 GHz band HfZrOf

Array of rectennas 60 GHz band 2D MoS2
Pyroelectric energy harvester HfZrOf

Energy Storage Module Pseudocapacitor HfZrOf

Wake-up module
Piezoelectric energy harvesters PVDF; PHBV + RT or KNN dopped powders

Heterojunction solar cells 2D MoO3
Spherical Solar cells Glass, TiO2, Ru dye

The concept is that these different modules will be monolithically integrated on the
same Si platform. A schematic of the modules is represented in Figure 1.
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Figure 1. Conceptual schematic of the NANO-EH energy supply platform and included modules.

2.2. Methodology

The 12 Principles of Green Engineering [61] will be used as a methodology through
which all initially selected raw materials and manufacturing processes will be systematically
revised. The nature of advanced electronics is reported to present a challenge in and of itself,
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since the increased complexity and associated material set required for high-performance
product is associated with increased difficulty in its recycling [65]. Strategical R&D needs
to transition the electronics sector to the circular economy based on the 12 Principles of
Green Engineering have been the object of previous research [65]. Eight technological areas
have been identified, as represented in Figure 2. Building on this previous research, in
this work, we will focus on the technological areas of design for disassembly, materials
for substitution, fabrication efficiency, and manufacturing processes that enable the use of
recycled materials, which fall into the scope of the NANO-EH project.
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2016 American Chemical Society.

Fulfillment of the 12 Principles of Green Engineering for the mentioned four techno-
logical areas and each of the NANO-EH modules will be systematically analyzed. In case
of noncompliance, change recommendations will be proposed based on a literature search
using Google Scholar and Google Patents as search engines. A schematic representation of
the data flow is presented in Figure 3.
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Data collection, screening, and sorting were conducted in the period 2022–2023.

3. Results and Discussion

The results obtained from the analysis of each of the modules is presented below,
classified by each of the evaluated technological areas.

3.1. Area of Design for Disassembly

Looking into the NANO-EH energy-harvesting platform, the basis of the concept is
the monolithic integration on the same silicon (Si) substrate of the different components as
the advanced engineered arrays of rectennas (based on HfZrOd/HfZrOf and 2D MoO3),
pyroelectric energy harvesting (based on HfZrOf), and pseudocapacitors (based on HfZrOf).
Thus, the concept is not based on the assembly of fully independent modules but on the
multifunctional use of hafnium zirconium oxides on an individual platform.

From the recyclability perspective, the multifunctional device would be a single
module and the multifunctional use of hafnium zirconium oxides eliminates the need for a
higher variety of raw materials, in line with Green Engineering Principle 9 (minimization
of material diversity). Therefore, no further module disassembly step is seen as required.
Nevertheless, material layers are contained, including Si, Au, and the mentioned hafnium
zirconium oxides, which will need separation to recover the elements. Recent reviews
have covered the metal recovery processes and technologies from electronic waste [66–68],
though none of them specifically covers the recovery of hafnium.

The NANO-EH platform still includes some components, such as diodes and surface-
mounted devices. The current design involves their die-attach with silver-filled epoxy
resins. Removing or decapsulating epoxy resins can be achieved through soaking in
dichloromethane, warm sulfuric acid, n-methyl- pyrrolidone toluene, n-methyl-pyrrolidone,
or methyl-ethyl-ketone [69]. Immersion in boiling water for an hour has been reported to
be successful in most cases, depending on the exact epoxy and surface [69]. Heating above
the glass transition temperature (Tg) of the epoxy and prying the components when the
epoxy is soft is also reported for debonding, though epoxy residues will remain on the
substrate and component. The Tg of epoxies is found between 50 and 250 ◦C, depending
on the formulation [70]. Heating the unit above the degradation temperature of the epoxy
(400 ◦C) would eliminate the bond by decomposition [69]. These techniques would be
destructive to the electronic devices and a solution for end-of-life disassembly but would
not allow for remanufacturing. Soldering would not be an option, since its removal is
energy- and labor-intensive and the potential for metal loss during the treatment is reported
as high [66].

For the purpose of nondestructive disassembly, the design of a mechanical clamping
of the components would be recommended, which could include solutions such as loaded
springs. Copper layers, as needed for the PZ harvester, can be used in the form of adhesive
tape, which would allow easy separation from the substrate. An example of copper
adhesive tape and a prototype of the PZ harvester can be seen in Figure 4.

A potential future alternative for allowing disassembly without residues is the use
of dry adhesives, which represent a great example of biomimicry [42]. They mimic gecko
feet, where the principles of attachment are based on intermolecular van der Waals forces
of a surface characterized by arrays of structures. The use of dry adhesives in the area of
semiconductors and electronics has been proposed for manufacturing assembly processes,
such as the handling of silicon wafers and glass substrates [71] or in micro-masonry [72],
but not for permanent die-attach. This would be a future option requiring R&D efforts. For
more details on the general principles of gecko adhesion, the reader is referred to [73] and
for a recent state-of-the-art review to [74].
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3.2. Area of Materials for Substitution

For the assessment of this area, the raw materials inventory used for the manufac-
turing of the different energy-harvesting modules has been screened to identify further
materials for which replacement would be recommended. Specifically, the selection of
materials recommended for substitution is based on their toxicity classification by har-
monized classification and labeling of the European Union, following Green Engineering
Principle 1 (designers need to strive to ensure that all materials and energy inputs and
outputs are as inherently nonhazardous as possible). Included in this list will be sub-
stances suspected of causing cancer, cancerogenic, and those with long-lasting toxic effects
where initiatives for replacement have already been launched. Given the current low
TRL, not all designs are final. For those where the evaluation of different candidates is
ongoing, preferences according to the principles will be described. Additionally, criticality
in terms of the security of supply and greenhouse potential will be considered. Economic
sustainability is not covered in this work, though it should be highlighted that the use of haz-
ardous chemicals and solvents also impacts the manufacturing costs by adding the require-
ment of additional air handling infrastructure, even making commercial deployment not
economically feasible [75].

The identified candidates for replacement are listed and described below, module
by module.

3.2.1. Piezoelectric Harvester

State-of-the-art piezoelectric materials are lead zirconate titanate (PZT) and polyvinyli-
dene difluoride (PVDF). Given the toxicity of lead, the search for alternatives to PZT is a
research line of the project, fully in line with the sustainability targets and the 12 Principles
of Green Engineering (Principle 1). This is a great challenge, as no material has been
identified that comprises all the functional properties of PZT required for the broad range
of piezoelectric applications as of 2017 [76]. The initial focus has been placed on bio-based
and biodegradable materials. As per circular design (cradle to cradle) [40], biodegradable
materials are not preferable per se, as long as the chosen technical material is recyclable
and nontoxic. Further, the mix of biomaterials and technical materials is discouraged,
since the mixture cannot be composted and its recycling becomes more difficult. Thus, a
thermoplastic polymer would be more favorable.

The commonly used polyvinylidene difluoride (PVDF) is a stable thermoplastic au-
thorized for medical and food applications and, hence, is nontoxic and recyclable. The
PVDF could be remolten and reprocessed at the end of the life of the piezoelectric har-
vester. Its pyrolysis or incineration, commonly used end-of-life (EoL) treatment for elec-
tronic waste [77], should be completely avoided due to the release of toxic hydrogen
fluoride [78]. The low solubility of PVDF in common solvents [79] makes the mechanical

https://creativecommons.org/licenses/by-sa/3.0
https://creativecommons.org/licenses/by-sa/3.0
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separation of the PVDF from the other components of the PZ harvester the only sustainable
recovery option.

For the use of biopolymers, as PHBV (Poly(3-hydroxybutyrate-co-3-hydroxyvalerate),
its mixture with barium titanate (BT)- and/or potassium sodium niobate (KNN)-doped
powders is investigated, so as to enhance the piezoelectric properties of the polymer matrix.
BT is considered biocompatible and widely considered for tissue engineering applica-
tions and bone repair [76] and can be considered nontoxic. The considered synthesis
route is the mechanochemical treatment of BaCO3 and TiO2. However, titanium oxide
(TiO2) would be a candidate for replacement, as it has been classified as suspected of
causing cancer [80] when the content of titanium dioxide particles with an aerodynamic
diameter ≤ 10 µm is equal to or greater than 1% w/w [81]. Under this lens, KNN-doped
powders appear preferable to BT-doped powders. However, an LCA and supply chain
evaluation comparing PZT vs. KNN reports that KNN has a significantly greater environ-
mental impact across the evaluated 16 categories, related to the raw material extraction and
processing of niobium [82]. This highlights the need for careful and holistic evaluation of
the environmental impacts and the decision challenges faced by technology developers.
The use of TiO2 in the synthesis of BT could be circumvented through alternative synthesis
routes, such as the preparation of a polymeric precursor with Ba and Ti ions and citric acid
and ethylene glycol, followed by a heat treatment in air at 500–900 ◦C [83] or microwave
calcination at 550–700 ◦C [84].

3.2.2. Spherical Solar Cells

The proposed design by NANOM is a Graetzel-type spherical solar cell [85], manu-
factured in glass. The advantages of this concept are that it collects and harvests sunlight
three-dimensionally, the spherical shape offers good protection for the active layers, they
have a simple structure, it is cheap and is suitable for mass production, and dust accumula-
tion is greatly diminished compared with planar solar cells.

In Graetzel-type solar cells, light absorption is realized by a sensitizer, which is at-
tached to the surface of a wide-band semiconductor. Charge separation takes place at the
interface via photo-induced electron injection from the dye into the conduction band of the
solid. Carriers are transported in the conduction band of the semiconductor to the charge
collector. The semiconductor of choice is TiO2. As mentioned in the previous section, its
classification as suspected of causing cancer [80] makes it a candidate for replacement
based on the principle of precaution. Here, the TiO2 would be delivered as ink, and liquid
mixtures containing titanium dioxide are not classified as suspected of causing cancer [81],
though the risk may be shifted upstream to the ink manufacturer. Reported alternative
wide-band-gap oxides include ZnO [86] and Nb2O5 [87,88]. The previously reported high
environmental impact of the raw material extraction and processing of niobium [82] places
ZnO as a better candidate from the environmental perspective. Further, it has been reported
as a promising alternative to TiO2 because of the similar band structure and relatively high
electron mobility (1–5 cm2 V−1 s−1) [89]. Additional replacement candidates are Zn2SNO4
and SnO2, though it is reported that the power conversion efficiencies of these mesoporous
electrodes are still lower than that of TiO2 [90].

3.2.3. RF Harvesters

From the inventory of raw materials based on the design of the RF harvesters, the
following candidates for replacement have been identified:

• Chlorobenzene: it is used in the metal deposition and patterning manufacturing stages.
According to the harmonized classification and labeling (ATP09) approved by the
European Union, this substance is toxic to aquatic life, with long-lasting effects [91];
therefore, it would be recommended to replace this solvent. Efforts to identify and
replace chlorobenzene with other environmentally friendlier solvents are ongoing in
different sectors [92], including semiconductor processing [93]. Larsen et al. [94] have
developed a tool for the identification of green solvents for printed electronics. Based
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on this, more sustainable candidates for the replacement of chlorobenzene include
ethoxybenzene, anisole, methyloleate, 2-ethylhexyl acetate, pentyl acetate, and n-Butyl
acetate. The experimentally verified dissolution capacity, several relevant physical
parameters, detailed category scores, the overall composite score, and the GHS hazard
statements can be found in the mentioned reference. By crossing the parameters with
the specific requirements for this application, the best candidate can be selected for
the NANO-EH case.

• CHF3 is a potent greenhouse gas. A ton of CHF3 in the atmosphere has the same effect
as 11,700 tons of carbon dioxide [95]; therefore, it is recommended to substitute it with
an inert gas.

The energy-harvesting platform design does not consider any rare earths as raw
materials. However, it must be said that hafnium has been included in the 2020 critical
raw materials list of the European Union [37]. Therefore, Hf should be used in closed
loops only, with a take-back system and R&D efforts placed on the recovery of Hf from the
Si substrate.

3.3. Area of Fabrication Efficiency

The currently used manufacturing technologies include atomic layer deposition (ALD),
milling, spray coating, and spin coating, among others.

Spray coating is conducted inside the glass cell during the manufacturing of the
spherical solar cells, with no raw material loss. The technology expert reports a linear
scale-up between small- and larger-scale manufacturing. Therefore, this technique will not
be analyzed further.

3.3.1. Atomic Layer Deposition (ALD)

ALD is used for the deposition of hafnium and zirconium oxide layers in the manu-
facturing of the RH harvesters, pseudocapacitors, and pyroelectric energy harvesters and
the deposition of MoO3 in the manufacturing of the HIT solar cells and 60 GHz rectennas.
The use of alkylamides of hafnium and zirconium as precursors for ALD of Hf and Zr thin
films provided a breakthrough in the production of smooth, pure, and highly conformal
films [96]. Compared to solid precursors, this provided further advantages that influence
the environmental impact, including the simplification of the synthesis, purification, and
handling of the precursors and the formation of less corrosive by-products in comparison
to chloride precursors, as well as a significantly lower deposition temperature [96]. ALD
allows for precise control of the layer thickness at the atomic level, providing high unifor-
mity of the film growth, thus playing an important role in the miniaturization of nano-scale
structures [97–99]. This places it as a favorable technology in terms of material efficiency.
However, it is reported that precursors typically used in ALD operations are toxic, volatile,
and highly reactive [99]. Other aspects, such as low material unitization efficiency (defined
as the amount ratio of the materials deposited on the wafer over the total material input, as
low as 12%) and significant energy consumption [99], would contribute negatively to its
environmental impact.

The literature suggests two routes to reduce the environmental impact of the ALD
technology: through improving the deposition efficiency and/or by increasing the batch
size [99]. Considering the development of manufacturing technology is not in the scope of
the project or the expertise of the project partners, an increase in the batch size could be seen
as the most straightforward strategy for reducing the environmental impact. Upscaling
involves some technical challenges, such as thickness variations due to macroscale flows
inside the reactor, or challenges to purge it entirely.

3.3.2. Milling for Doped BT and KNN Powder Manufacturing

The manufacturing of doped BT and KNN powders considered mainly comprises
mixing the raw materials together with a solvent, their milling, followed by a calcination
step and further milling to obtain the reactive powder. Within the project, this is carried
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out in very small batches. For the upscaling to industrial-scale production, the obtention
of reproducible powder morphology and microstructure and, consequently, reproducible
piezoelectric performance at low production costs are reported as an open issue [100]. A
different released cumulative kinetic energy resulting from different jar hindrance factors
when upscaling may lead to different products [100]. The use of the planetary milling
process vs. slow ball milling allows for reducing both the powder’s production time
and calcination temperature, suggesting that mechano-chemical activation synthesis is a
promising technology for efficient industrial scale-up [100].

3.3.3. Spin Coating

Spin coating is widely used for the deposition of thin films of photosensitive materials
in electronics. The main advantages of this technique are its easy control of the film
thickness, through variations in the spin speed and selection of a photoresist based on
its viscosity, as well as the maturity of the technology [101]. However, its low material
efficiency is an environmental hot spot. It is reported that only 2–5% of the dispensed
material is effectively used, while the remaining 95–98% is wasted [101]. Recent interest
in spin coating alternatives has emerged, though the motivation is rather related to the
limitation on the cell size allowed by this technique [102] than raw material efficiency.
Zheng et al. [102] report a blow-drying method as an alternative for spin coating in the
manufacturing of perovskite solar cells [102]. Reported advantages include the saving
of the antisolvent and sacrificial components, good quality of the layer, scalable process,
and simplicity of the equipment. Lee et al. [103] propose brush painting for the roll-to-roll
manufacturing of CH3 NH3PbI3/PCBM planar heterojunction perovskite solar cells. This
technique presents low material losses, presenting a promising alternative.

3.4. Manufacturing Processes That Enable Recycled Materials

The larger amounts of raw materials required in NANO-EH are Si wafers, solvents,
including acetone and isopropyl alcohol, and metals, including Al, Au, and Ag. Therefore,
a literature search was undertaken to identify strategies and barriers for the use of these
materials with recycled origin in the manufacturing of the NANO-EH devices.

3.4.1. Review on Potential and Barriers to the Use of Recycled Si

A literature search in Google Scholar using the terms “Si recycling” and “Si wafer
recycling” was conducted in order to evaluate the availability and quality of recycled Si.
The references found are related in all cases to the recovery or recycling from PV cells or
PV modules.

Recent workers have focused on the recovery of the Si wafers from the solar cells,
which would allow the reuse of the wafers avoiding the production of the Si ingot. It is
reported that avoiding Si ingot production and wafer cutting could lead to approximately
40% of the cost savings of PV module production [104].

Huang et al. [105] present a method for the recycling and recovery of solar grade
Si, Ag, Pb, Sn, and Cu from solar modules. The steps include mechanical removal of the
Al frame and junction box, burning of the polymer sheets in a furnace, and removal of
glass, which would be recycled. The strings of interconnected cells would be immersed in
HNO3 to dissolve the Ag, Pb, Cu, and Sn, which would be recovered one by one through
electrowinning. Then, the cells would be immersed in HF to remove the SiNx layer and Al
back electrode and, finally, the emitter and back surface would be etched with NaOH to
recover the Si. The authors have chosen the chemicals so that they can neutralize each other
(NaOH and HNO3 resulting in NaNO3) or have well-established neutralization practices
(precipitation of CaF2 by adding Ca(OH)2 to HF [106]) “for a minimum environmental
impact”. However, an environmental impact assessment is not included in the paper. This
method would recover all the glass, Al frame, junction box, 85–90% of the Si, and 90–95%
of the metals, as well as energy recovery of the polymers. Shin et al. [107] propose a similar
method for Si cell recovery but use an etching paste (Solartech, containing H3PO4) to
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remove the SiNx instead of HF, with the advantage placed on the avoidance of the special
handling material required for HF due to its corrosive nature [108].

Xu et al. [104] propose the combination of cell recovery with wafer purification, so as
to eliminate the conversion efficiency loss typically encountered when using recovered Si
wafers. After the Si cell recovery and wafer pre-purification, a one-step ultra-purification
and texturing step will take place using metal-assisted chemical etching.

Chen et al. [109] report a method to recover Si with a purity of 99.84% by removing
impurities such as Al and Ag through a two-step leaching and dissolving of the impurities.

These works demonstrate the feasibility of using Si wafers of recycled or recovered
origin in the manufacturing of the NANO-EH devices. However, none of the above-
presented works report the environmental impacts of the proposed recovery processes,
which obtain high purities but use significant amounts of chemicals. The LCAs of PV
recycling found in the literature correspond to processes where a smaller number of raw
materials are recovered or with lower purity.

Latunussa et al. [110] present an LCA of a PV recycling process from which metallurgical-
grade silicon scrap can be obtained. The process involves disassembling the junction
box, separating the glass, and incineration of the remaining, followed by subsequent
acid leaching and electrolysis. In this work, for all the considered impact categories,
the main contributions are related to the transport of the PV waste to the recycling site,
the incineration processes, and the further metal recovery from the bottom ash. But
metallurgical-grade silicon is not valid for microelectronics or solar applications and, hence,
this recycled material flow is not valid for NANO-EH.

Despite the recent vibrant research activities on the recovery and recycling of solar-
grade Si wafers, no supplier of recovered or recycled Si wafers was identified. The current
state-of-the-art recycling (in terms of commercial deployment) of crystalline silicon PV
modules involves the recovery of glass, aluminum, and copper, while the cells and other
materials such as plastics are incinerated [111]. An LCA commissioned by the IEA re-
vealed that the recovery of glass, aluminum, and copper from c-SI PV modules causes
lower environmental impacts than the extraction, refinement, and supply of the respective
materials from primary resources, hence providing a net environmental benefit of recy-
cling [111], despite not recovering all materials. Thus, while no technical barrier has been
identified which could prevent the use of recycled Si wafers in the future manufacturing of
NANO-EH devices, this is not yet possible today. The reported barrier towards commercial
deployment is reported to be the costs of recycling [112].

3.4.2. Review on Potential and Barriers to the Use of Recycled Metals

The manufacturing of the different energy-harvesting modules requires Au, Ag, Al,
and Cu. Established recycling and recovery of these elements are in place, from electronics
waste or from waste streams of other sectors. Thus, barriers towards the sourcing and use
of these raw materials from recycled origins are not foreseen.

Since the use of Hf is one of the key breakthroughs of the project and is classified as
a critical raw material [37], possibilities of sourcing recycled Hf were evaluated. No use
of recycled hafnium has been found reported [67,113]. The contamination of Hf used in
the nuclear industry, together with the low content in other super alloys, is reported as the
probable reason for the very low end-of-life recycling rate [113].

3.4.3. Review of the Possibilities for Recycling Precursors and Solvents

The reuse and recycling of precursors and solvents could be an effective way of reduc-
ing the environmental impact of the manufacturing of NANO-EH devices and electronics
in general. Previous studies have found that the amounts of organic solvent consumed
during manufacturing can shift the preference when comparing the environmental impacts
of different technologies [114].
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The search for scientific literature on precursors and solvent recycling was found to be
scarce. But some methods for the recycling of different relevant solvents have been found
as patents.

Briend et al. [115] present a method for the recycling of silane from and for the
deposition of thin Si films. The method recovers 80% of the excess silane injected in the
reaction chamber for direct reuse in the same deposition process. The method comprises
four consecutive steps, namely (a) the injection of pure silane/pure hydrogen mixture into
the reaction chamber for the Si deposition, (b) the extraction of the excess gas mixture
(SiH4/H2) from the chamber by pumping a purge gas (N2), and (c) the separation of the
SiH4 from the SiH4/H2/N2 mixture.

Ref. [116] discloses a method to recover with high purity the organic solvent used
to remove excess photoresist in the manufacturing of semiconductors, in particular, of
propylene glycol monomethyl ether acetate (PGMEA). The first step is to separate the
photoresist component from the waste liquid by adding an alkali aqueous solution and
undertaking an optimized distillation process where the photoresist, metal ions, and fine
particles contained in the waste liquid are removed.

These examples highlight how on-site solvent recycling can be integrated into the
manufacturing process but, also, that it is only feasible at commercial manufacturing scales.
It must be stressed that, while it appears not to be technoeconomically feasible to include
solvent recycling in the research and pilot manufacturing scale, commercial manufacturing
without solvent recycling may not be technoeconomically feasible either. Solvent disposal
has been identified as a major contributor to CapEx in electronics manufacturing [117].
A recent study reports a vendor price reduction of 45% when introducing 50% solvent
recycling and of 67% when introducing 90% solvent recycling in the manufacturing of
Perovskite quantum Dots PV [117].

3.5. Overreaching Question: To What Extent Can a Technology Developer Fully Fulfill the
12 Principles of Green Engineering?

Having analyzed the fulfillment of the 12 Principles of Green Engineering and pro-
posed recommendations for improvements for each of the four applicable technological
areas based on them, we will analyze and discuss the overreaching question of this paper.

Concerning the area of design for disassembly, the selected methodology allowed
nonfulfilling aspects of the designs to be identified and draft suggestions for improved
dissasembly. Some solutions could be readily implemented in the low TRL prototypes, such
as the use of copper tape as substrate in the PZ harvesters. Other identified solutions require
further R&D efforts from other disciplines, such as the development of dry adhesives. Thus,
while the nonfulfillment can be identified and a solution can be drafted, its implementation
cannot always be readily executed by the technology developers. Co-operation is needed
from other disciplines and sectors.

As for the area of materials for substitution, the methodology allowed nonfulfillment
cases to be clearly identified in the current bill of materials and presented a clear criteria for
the selection of replacement candidates. Complying candidates have been identified for all
requirements of this case study.

Concerning the area of fabrication efficiency, given that the device’s technology devel-
opers are not equipment manufacturers, the most straightforward solution identified to
increase efficiency is to increase the batch size. However, the technology developers at this
stage can state manufacturing upscaling recommendations but their final adoption is not
fully in their hands.

Finally, concerning the area of manufacturing processes that enable recycled materials,
a combination of the bottlenecks identified in the design for disassembly and for fabrication
efficiency is found. On the one hand, suggestions for on-site recycling of precursors
and solvents can be drafted. However, these can only be implemented in an upscaled
manufacturing process. On the other hand, the main barrier found for the use of recycled
materials is their availability, arising for R&D requirements in recycling processes.
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All in all, it can be concluded that the 12 Principles of Green Engineering are well
suited to identify sustainability hot spots and to draft complying change recommendations.
However, the implementation of those recommendations is sometimes out of the hands
of the technology developers, since they fall in other stages of the value chain, such as
the production of secondary raw materials or upscaled manufacturing. Nevertheless, this
should not be seen as discouraging. It is widely accepted that the transition to the circular
economy requires a paradigmatic shift across all sectors of the economy, and requesting
raw materials that are not yet available (i.e., dry adhesives or recycled Si wafers) or defining
upscaling recommendations will catalyze this transition.

4. Conclusions

In this work, the current design and bill of materials and selected manufacturing
techniques for the energy-harvesting platform developed in the NANO-EH project have
been reviewed and cross-checked with the 12 Principles of Green Engineering to provide
first recommendations on sustainability and recyclability improvements. Specifically,
the technological areas of design for disassembly, materials for substitution, fabrication
efficiency, and manufacturing processes that enable the use of recycled materials have
been evaluated.

Concerning the first objective of the paper, it can be seen that some of the research lines
followed based on the common understanding of sustainability are already aligned with
the principles, such as the minimization of material diversity by the multifunctional use of
hafnium zirconium oxides or the substitution of toxic lead zirconate titanate with ceramic-
filled polymers. Further recommendations have been suggested, such as the substitution
of other hazardous raw materials, such as TiO2 or chlorobenzene, or the adoption of
mechanical fixtures to fasten lump components.

Other identified strategies which would improve sustainability, such as the increase
in the manufacturing batch size to increase material efficiency or the inclusion of solvent
recycling, can only be implemented at larger manufacturing scales and are out of the control
of the technology developer.

Further strategies, such as the use of recycled Si wafers or dry adhesives as fixtures,
represent future solutions for the reduction in the environmental impact which require
further R&D efforts from different disciplines. This highlights the need for holistic and
multidisciplinary research efforts to fully achieve the circular design. Thus, the complete
fulfillment of the 12 Principles of Green Engineering is not always possible or in the hands
of the technology developers in present times. However, suggesting and demanding
changes in other stages of the value chain is expected to catalyze the transition to the
circular economy.

A life cycle assessment will provide a quantification of the environmental impact of
the current designs and is part of upcoming work.
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Appendix A. The 12 Principles of Green Engineering. Reprinted with Permission from
Environ. Sci. Technol. 2003, 37, 94A–101A [61]. Copyright 2003 American Chemical Society

(1) Designers need to strive to ensure that all materials and energy inputs and outputs
are as inherently non-hazardous as possible. (2) It is better to prevent waste than to treat
or clean up waste after it is formed. (3) Separation and purification operations should
be designed to minimize energy consumption and materials use. (4) Products, processes,
and systems should be designed to maximize mass, energy, space, and time efficiency. (5)
Products, processes, and systems should be “output pulled” rather than “input pushed”
through the use of energy and materials. (6) Embedded entropy and complexity must be
viewed as an investment when making design choices on recycling, reuse, or beneficial
disposition. (7) Targeted durability, not immortality, should be a design goal. (8) Design for
unnecessary capacity or capability (e.g., “one size fits all”) solutions should be considered
a design flaw. (9) Material diversity in multicomponent products should be minimized to
promote disassembly and value retention. (10) Design of products, processes, and systems
must include integration and interconnectivity with available energy and materials flows.
(11) Products, processes, and systems should be designed for performance in a commercial
“afterlife.” (12) Material and energy inputs should be renewable rather than depleting.
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