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Despite the remarkable piezoelectric properties of sesnsors such as PZT, the presence of lead (Pb), a toxic
element, poses significant human and environmental hazards. The advent of y-glycine sensors provide non-
heavy metal alternatives to Pb-based sensors. In light of the development of such Pb-free biodegradable
alternatives, this study presents a cradle-to-gate life cycle assessment (LCA) of y-glycine sensors in compliance
with ISO-14040 and ISO-14044 standards. It quantifies the environmental burdens due to production of 506 g
of y-glycine sensors, including raw material sourcing, transportation, and various stages of manufacturing.
Inventory modelling was performed using OpenLCA and Ecoinvent 3.11 (2025) database. Impact categories
such as terrestrial ecotoxicity, global warming, water consumption, and human carcinogenic and non-
carcinogenic toxicity were evaluated using the ReCiPe 2016 Midpoint (H) method. Key emissions identified
include 578.729 kBq of radon- 222, 110.718 kBq of noble gases, and 36.991 kg of CO, to the air. Sensitivity
evaluation with Spearman’s correlation and uncertainty analysis using Monte-Carlo simulations were carried
out to provide more realistic and robust results. The results identified electricity consumption as the most
sensitive parameter (p > 0.94) across all the selected impact categories and the dominant contributor,
particularly affecting global warming potential (93.9%) and water consumption (86.28%). This work ensures a
foundational understanding of the environmental profile of y-glycine sensors and informs future comparisons
of conventional piezoelectric sensors with non-heavy metal alternatives.

1. Introduction The piezoelectric transducers convert mechanical strain into elec-
trical voltage and vice versa. The source of this strain can be obtained

In today’s world of rising energy demand, exploring more efficient
and sustainable energy sources is a necessity. A practical approach
is to use parasitic energy, defined as the scavenging of otherwise
wasted ambient energy (Kymissis et al.,, 1998), such as vibrations,
heat, water, and light, and convert it into valuable electrical energy.
This method provides an alternative to conventional electrochemical
batteries, which are often bulky and restricted by their operating
temperature range (Bowen et al., 2014). Vibration-based mechanical
energy is the most common type of ambient energy that can be col-

from walking, low-frequency seismic vibrations, noise and so on (How-
ells, 2009). Lead zirconate titanate (PZT) (see Fig. 1(a)) is one of the
leading ceramic piezoelectric materials known for its high electro-optic,
dielectric, and pyroelectric coefficients. It also possesses a high elec-
tromechanical coupling constant and enormous remnant polarisation,
making it suitable for use in sensors and actuators, non-volatile memory
devices, capacitors and other harvesting devices (Wang and Santiago-
Avilés, 2011). Additionally, PZT features a high Curie temperature, low

lected and converted into useful electrical power. This mechanical
energy can be harvested using electrostatic, piezoelectric, and electro-
magnetic transduction methods. Among these techniques, piezoelectric
transduction is notable for its 3-5 times higher power density output
and strong electromechanical coupling factor. It also has a relatively
simple manufacturing process, which makes it a popular choice for
energy harvesting applications (Wang, 2012; Sezer and Kog, 2021).
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tangent loss and a piezoelectric constant (ds;) of approximately 289
pC/N, which is significantly higher than other ceramic piezoelectric
materials (Chamankar et al., 2020; Tiwari et al., 2021). Due to their
compact size, light weight, and affordable price, PZT patches are con-
sidered an excellent choice for real-time structural health monitoring
for various systems (Park et al., 2006).
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(b)

Fig. 1. (a) Conventional Piezoelectric sensor (PZT) and (b) Gamma glycine sensor.

Although PZT (Pb[Zr, Ti;_,]O3) possesses many advanced properties
in the engineering field, the presence of lead as a major component, pri-
marily in the form of lead oxide (PbO) exceeding 60 wt%, contributes
to potential lead toxicity and poses risks to human and environmental
health (Ghasemian et al., 2020). The production of PZT ceramics causes
significant environmental degradation throughout its life cycle, partic-
ularly during mining, which releases lead into the air, soil, and water.
The active lead in soil can bioaccumulate in plants and agricultural
products, leading to food chain contamination. During various stages of
manufacturing, PbO emissions may occur through multiple pathways,
including leaks during machining, as well as processes such as sintering
and calcination. Improper disposal further contributes to environmental
pollution by generating large amounts of lead-containing electronic
waste (Ibn-Mohammed et al., 2017; Brisefio-Bugarin et al., 2024; Bell
and Deubzer, 2018). Both children and adults are vulnerable to lead
toxicity, which can adversely affect organs such as the brain, kidneys,
liver, and bones. The World Health Organization (WHO) indicates that
there is no safe upper limit for lead exposure since children are par-
ticularly susceptible to even low levels, which may cause behavioural
disorders, cognitive impairments, and reduced intelligence quotient
(IQ). In adults, chronic exposure may lead to anaemia, elevated blood
pressure, renal impairment, miscarriage and reduced fertility in males.
Neurological and blood disorders are highly prevalent in lead toxicity
and are often considered irreversible (Ara and Usmani, 2015; World
Health Organization, 2024). As a consequence, the development of
lead-free piezoelectric sensors has become essential. The European
Union (EU) regulatory frameworks such as the Waste Electrical and
Electronic Equipment (WEEE) and Restriction of Hazardous Substances
(RoHS) directives have promoted the adoption of lead-free alternatives
while providing temporary exemptions to PZT under Entry 7(c)-VI,
which is being reviewed on a regular basis. (Ranwa and Kumar, 2023;
Ibn-Mohammed et al., 2018; Commission, 2025).

Considering the non-biodegradable nature of most of the conven-
tional piezo ceramics, amino acid-based piezoelectric materials repre-
sent a promising solution, as they are among the simplest and most
cost-effective naturally degradable piezoelectric materials (Yu et al.,
2024). Among twenty common amino acids, glycine is the only non-
chiral amino acid that exists in three distinct polymorphs: alpha (a),
beta () and gamma (y)-glycine (Guerin et al., 2018). The a-glycine
does not show any piezoelectric behaviour due to its crystallographic

symmetry, whereas both f- and y-glycine exhibit non-centrosymmetric
crystal structures and display ferroelectric characteristics (Gubarev
et al,, 2017; Xu et al., 2021). The longitudinal piezoelectric coeffi-
cient (ds3) for y-glycine and the shear piezoelectric coefficient (d;4)
for p-glycine have been recorded up to 10.4 pC/N and 178 pC/N,
respectively. However, f-glycine possesses a much lower longitudinal
piezoelectric coefficient than y-glycine and is highly unstable in na-
ture (Yu et al., 2024; Vesga et al., 2019). In addition to the piezoelectric
response, y-glycine-based piezoelectric composite films demonstrate
excellent potential as biosensors for energy harvesting applications, due
to their biodegradable nature and stability at room temperature under
high humidity (Mei and Luo, 2019; Okosun et al., 2021).

Since the piezoelectric performance of y-glycine sensors is still at a
nascent stage, with scope for further optimisation, it nonetheless repre-
sents a highly promising Pb-free alternative to conventional PZT-based
sensors. Notably, it is essential to assess whether the manufacturing of
y-glycine sensors poses any other environmental concerns beyond lead
toxicity. Thus, this work is the first to rigorously assess the broader
environmental implications associated with y-glycine sensor production
in order to ensure that the proposed substitution of Pb-based sensors
delivers genuine and holistic sustainability benefits. One of the tech-
niques for this purpose is the life cycle assessment (LCA), a standardised
methodological framework to quantify the potential environmental
impacts associated with all stages of a product’s life cycle, from raw
material acquisition to end-of-life disposal (International Organization
for Standardization, 2006a,b). Therefore, this study seeks to conduct
a cradle to gate LCA of y-glycine sensors (see Fig. 1(b)) encompass-
ing raw material extraction, transportation and manufacturing stages,
to identify the corresponding environmental burdens and potential
hotspots.

2. Methodology

The study was conducted with reference to ISO 14040 and ISO
14044 standards, which provide the internationally recognised frame-
work for performing LCA. It consists of four main stages: (a) goal and
scope definition, (b) life cycle inventory (LCI) analysis, (c) life cycle
impact assessment (LCIA), and (d) interpretation (see Fig. 2).



S. Rashid et al.

Resources, Conservation & Recycling Advances 31 (2026) 200357

4 N
Goal & Scope
. Y, / \
.l, Raw
- N materials e
Life Cycle Inventory (LCI) —> ( —_— Emissions
L P ’ Transportation Manufacturing ’ -

\

J

Life Cycle Impact Assessment
(LCIA)

Uncertainty & Sensitivity
Analysis

Impact
categories

Fig. 2. LCA methodology.

Waterborne
Wgstes

Atmospheric
Emissions

Outputs

Raw material
acquisition
(Glycine, Nacl,

Transportation
Distilled water,
Copper foil, etc.)

Raw materials Enérgy

Manufacturing
(Crystal and
sensor
fabrication)

Solid Wastes

Transportation

End-of-Life
(Recycling and
disposal of
remaining parts)

Use phase
(Sensor
operation/
calibration)

System boundary

Fig. 3. System boundary of y-glycine sensors (cradle-to-gate).

2.1. Goal and scope

Lead zirconate titanate (PZT) is a widely used piezoelectric material
with a broad range of applications. However, it contains lead as its
main constituent, which poses significant health and environmental
concerns. This study aims to introduce y-glycine as a potential alter-
native to PZT by eliminating the lead toxicity factor through the use
of amino acid-based biosensors. The functional unit of this assessment
is defined as the production of 506 g of y-glycine sensors scoped
from cradle to gate, as shown in Fig. 3. The quantity represents 210
circular moulds of y-glycine, which is the maximum batch capacity
per production cycle. Since the study deals with novel manufacturing
and material development, a mass-based functional unit was selected
encompassing all upstream impacts from raw material extraction to the
final assembly of the sensing element.

2.2. Life cycle inventory (LCI)

Life Cycle Inventory (LCI) analysis involves systematic data acquisi-
tion within predefined system boundaries, including the quantification
of energy use, raw material inputs, and environmental emissions (In-
ternational Organization for Standardization, 2006a).

2.2.1. Raw materials

All raw materials used in the production of y-glycine sensors were
commercially sourced from various distributors across different loca-
tions, adhering to European standards. Table 1 presents the material
distribution for the fabrication of 506 g of y-glycine sensors. The pri-
mary raw materials, including glycine, sodium chloride, and deionised
water, were directly modelled in openLCA using the ecoinvent 3.11
(2025 edition) database. Parafilm, used to seal test tubes during man-
ufacturing, was modelled using a proxy composed of approximately
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Table 1 Table 2
Raw materials for 506 g of y-glycine. Diesel consumption corresponding to raw material transportation.
Material Quantity Unit Material Distance (km) Diesel Tonne-km (tkm)
Glycine 0.159795 kg consumption
Sodium chloride 0.053795 kg @
Deionised water 0.478315 kg Glycine 66.66 20.00 0.0106
Copper tape 0.148225 kg Sodium chloride 45.20 13.56 0.0023
Hookup wires 0.11273 kg Deionised water 45.20 13.56 0.0216
Parafilm 0.186825 kg Copper tape 8.56 2.56 0.0063
Weighing boats 0.00693 kg Hookup wires 8.56 2.56 0.0003
Tissues 0.18285 kg Parafilm 45.20 13.56 0.0010
Nitrile gloves 0.107053 kg Weighing boats 45.20 13.56 0.0009
Tissues 8.56 2.56 0.0013
Nitrile gloves 8.56 2.56 0.0015
Total — 84.48 0.0459

50:50 paraffin wax and polyolefin (polyethylene). A total of 18 weigh-
ing boats, used for a batch of 210 sensors, were modelled using a
material proxy of polystyrene. Each boat, weighing around 0.38 g,
was reused six times before discarding. For hookup wires, a database
proxy with a material composition of 63% copper and 37% PVC was
adopted (Xu et al., 2018). Centrefeed blue tissue sheets used for clean-
ing and drying were modelled under the ‘tissue paper, virgin pulp
production’ category. Additionally, 28 single-use nitrile gloves (14
pairs), each weighing approximately 3.92 g, were modelled using a
synthetic rubber proxy. Copper adhesive tape (25 mm width, 14.28 m
length, 0.025 mm thickness) was also used for sensor electroding.

2.2.2. Transportation

The transportation of raw materials and other supplies was assumed
to be carried out using a diesel-based transport system, with an average
fuel consumption of 30 L per 100 km, based on published data for
Irish and European market conditions (Ragon and Rodriguez, 2021;
Webfleet, 2024). The distance from each supplier to the manufacturing
laboratory (University College Dublin, Ireland) was recorded, and the
corresponding diesel consumption was calculated using Eq. (1). With a
diesel energy content of 36.61 MJ per L (Sustainable Energy Authority
of Ireland, 2019), the total energy consumed for transportation was
estimated to be 3092.81 MJ. Table 2 provides a breakdown of the
transportation data corresponding to each raw material.

Distance (km) x Fuel consumption (L/100 km)

Diesel consumption (L) = 100

@

2.2.3. Manufacturing

LCI data for the manufacturing phase of y-glycine is derived from
the electricity usage of each stage in the fabrication process. It be-
gins with batch weighing, where fixed proportions of chemicals are

measured according to the formulation. The chemical mixture is then
subjected to a constant 70 °C water bath with continuous mechanical
stirring to facilitate dissolution. Once the solution becomes supersat-
urated, it is transferred to the moulds and placed in a fume hood to
undergo crystallisation for 3 to 4 days, as shown in Fig. 4 and Fig. 5.
Electrical energy consumption for each stage in the fabrication process
is calculated using equation (2).

_ Pxt

~ 1000
Where E denotes the electrical energy consumption in (kWh), P repre-
sents the power of the equipment (W), and t refers to the time required
(h) (Wu et al., 2024). Table 3 provides a breakdown of electrical energy
consumption at each processing stage.

(2)

2.2.4. Environmental emissions

Environmental emissions to air, water and land associated with the
life cycle of 506 g of y-glycine sensors were quantified using openL.CA
software with Ecoinvent database. The database is globally known for
its transparency, as the guidelines clearly describe the methodology
behind data modelling, significantly expanding the goals and scopes
of LCA studies (Wernet et al.,, 2016). The emissions encompass all
upstream processes, including raw material extraction, transportation,
and the manufacturing phase, as well as the background processes
contributing indirectly to the overall system. The inventory data shows
environmental burden in the form of radioactive emissions such as
radon-222 (578.729 kBq), noble gases (110.718 kBq) and xenon iso-
topes including xenon-133 (0.438 kBq) and xenon-135 (0.209 kBq).
Additionally, carbon dioxide (fossil) emissions amount to 36.991kg,
methane (fossil) around 0.053 kg and heat waste to air is recorded at
5.109 MJ, reflecting thermal losses during production. In the aquatic
category, discharge includes water volume (130.529 m?), and a range
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Table 3
Electrical energy consumption for 506 g of y-glycine.
Process Power (W) Time (h) Energy (kWh) Energy (MJ)
(Device)
Chemical weighing 4.00 8.036 0.032 0.062
(Scale)
Hot water bath 300 15.15 4.545 16.362
(Hotplate)
Crystallisation 800 87.241 69.792 251.254
(Fume hood)
Humidity measure 0.5 87.241 0.044 0.157
(Hygrometer)
Electroding 35 12.01 0.420 1.513
(Soldering)
Total - - 269.344
Raw materials
(Glycine + NaCl +
Deionised water)
0.691 kg
0.062 MJ
Other materials (Tissues, v
iy loves & | 0-483kg
weighing boats, gloves Supersaturated J  Solidwaste
parafilm g solution 0.483 kgr
—>
46.359 M)
A
— - lisat Evaporated
rystallisation >
471.1 M) 0.368 kg water
—>
0.157 MJ
Hookup wires J,
+ 0.261k . i
. g Electroding o] Solid waste
Copper adhesive tape » 0.075 kg
—>
3.675MJ
A 4

y-glycine sensors

Fig. 5. Material and energy flow.

of inorganic ions such as sulfate (0.657 kg) and silicon (0.312 kg)
representing the most significant chemical flows. Local air quality indi-
cators including sulfur dioxide (0.110 kg), nitrogen oxides (0.071 kg),
and particulates < 2.5 pm (0.010 kg) dominate acidification and hu-
man health-related impact categories. A summary of environmental
emission flows is presented in Table 5, highlighting the magnitude of
emissions across categories.

2.3. Life cycle impact assessment (LCIA)

The environmental emissions derived in the LCI phase were further
classified into impact categories and quantified using the ReCiPe 2016
Midpoint (H) method.

The ReCiPe method is one of the most widely applied approaches
in life cycle assessment studies. It provides a comprehensive set of
midpoint impact categories, enabling comparison with previous re-
search and improving the interpretability of results across different
case studies (Rashedi and Khanam, 2020). The midpoint approach was
adopted because midpoint indicators typically involve lower parameter
uncertainty than endpoint indicators, as they are more closely linked
to life cycle inventory data (Huijbregts et al., 2017). Among the three
cultural perspectives in ReCiPe: Individualist (I), Hierarchist (H), and
Egalitarian (E), the Hierarchist perspective was applied, as it is the most
commonly used and represents a balanced scientific viewpoint based
on widely accepted policy principles and consensus time horizons (PRé
Sustainability, 2024). Furthermore, the ReCiPe methodology is fully
integrated in openLCA and is compatible with environmental flows
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Table 4 Table 6
Uncertainty ranges of the input parameters. Environmental impact categories based on ReCiPe 2016 Midpoint (H)
Input parameters Units Uncertainty (Min-Max) Impact category Reference unit Quantity
Electricity MJ 225.450-360.890 Terrestrial ecotoxicity kg 1,4-DCB 186.899
Copper kg 0.210-0.233 Water consumption m? 130.663
Glycine kg 0.160-0.162 Human non-carcinogenic toxicity kg 1,4-DCB 44.072
Paper kg 0.044-0.050 Global warming kg CO, eq 43.136
Polyethylene kg 0.091-0.096 Fossil resource scarcity kg oil eq 14.411
Polystyrene kg 0.006-0.008 Marine ecotoxicity kg 1,4-DCB 6.509
Polyvinylidenchloride kg 0.035-0.050 Freshwater ecotoxicity kg 1,4-DCB 5.145
Synthetic rubber kg 0.102-0.112 Human carcinogenic toxicity kg 1,4-DCB 1.431
Sodium_chloride kg 0.052-0.056 Land use m?a crop eq 1.236
Tissue paper kg 0.160-0.183 Ionising radiation kBq Co-60 eq 1.080
Transport tkm 0.010-0.073 Terrestrial acidification kg SO, eq 0.141
Deionised water kg 0.476-0.480 Ozone formation, Terrestrial ecosystems kg NO, eq 0.073
Petroleum slack wax kg 0.091-0.096 Ozone formation, Human health kg NO, eq 0.072
Fine particulate matter formation kg PM, 5 eq 0.050
Freshwater eutrophication kg P eq 0.012
Table 5 Mineral resource scarcity kg Cu eq 0.002
Top impact flow emissions due to the production of 506 g of y-glycine sensors. Marine eutrophication kg N eq 0.001
. . s
Flow Category Unit Quantity Stratospheric ozone depletion kg CFC11 eq 2.161 x 10
Radon-222 Emission to air kBq 578.729
Water Emission to water m3 130.529
Nobls Emissi i kB 110.71 I . . . .
oD'e gases, . mission to air 1 0.718 carbon dioxide-fossil and methane-fossil from low population density,
radioactive, unspecified X 0 0 K
Carbon dioxide, fossil Emission to air kg 36.991 accounting for 85.75% and 4.04% of the category total, respectively.
Heat, waste (air) Emission to air MJ 5.109 Similarly, the fine particulate matter formation (0.050 kg PM, 5 eq)
Hydrogen-3, Tritium Emission to water kBq 4.451 and terrestrial acidification (0.141 kg SO, eq) scores are directly linked
Iiar'i"“ d‘?’“(de’ tb“;gemc Emfssf"“ :0 a“t II;E zfg; to the identified emissions of sulfur dioxide and nitrogen oxides. Ter-
eat, waste (water mission to water . . . . . .
Radioactive species, Emission 1o air KBq 0.811 resFr{al ecotoxicity (186.899 kg 1,4-PCB) and human non-carcinogenic
other beta emitters toxicity (44.072 kg 1,4-DCB) are influenced by the inorganic ions,
Sulfate Emission to water kg 0.657 particularly zinc and copper.
Xenon-133 Emission to air kBq 0.438 Additionally, the results of the LCI and LCIA phases revealed that
Silicon Emission to water kg 0.312 - . . . .
S - electricity production is the dominant contributor of the overall foot-
Calcium, ion Emission to water kg 0.250 i . K . .
Aluminium Emission to water kg 0.217 print evaluated (Fig. 6 and Fig. 7). Specifically, it accounted for over
Xenon-135 Emission to air kBq 0.209 90% of the impacts in methane (93.66%), nitrogen oxides (96.42%),
Iron, ion Emission to water kg 0.184 carbon dioxide (97.89%), and, ultimately, global warming potential
;(e;lf‘;"'};’s I('l"‘ §m¥ssf°n IO air qu g'ﬁg (93.9%). For water consumption and human non-carcinogenic toxicity,
ulfur dioxide mission to air g . . . 0, 0 . .
Nitrogen oxides (NO,) Emission to air ke 0.071 it contributed 86.28%, and .42.09 A)., respectively. C€>pper. productlf)n
Methane, fossil Emission to air kg 0.053 emerged as the second most influential process, especially in terrestrial
Particulates, < 2.5 pm Emission to air kg 0.010 ecotoxicity (59.75%) and human non-carcinogenic toxicity (42.79%).

from the ecoinvent database, ensuring consistent mapping between
inventory data and impact categories and supporting transparency and
reproducibility in LCA studies (GreenDelta, 2024).

This method encompasses a set of 18 impact indicators capturing a
wide range of environmental burdens. These indicators cover toxicity-
related categories such as human carcinogenic and non-carcinogenic
toxicity, as well as ecotoxicity in freshwater, marine, and terrestrial
environments, expressed in terms of 1,4-dichlorobenzene (1,4-DCB)
equivalents. The method also includes climate-related and atmospheric
impact categories such as global warming potential (kg CO, eq), ion-
ising radiation (kBq Co-60 eq), stratospheric ozone depletion (kg CFC-
11 eq), ozone formation for human health and terrestrial ecosystems
(kg NOx eq), and fine particulate matter formation (kg PM2.5 eq).
Resource-related indicators include fossil resource scarcity (kg oil eq),
mineral resource scarcity (kg Cu eq), and water consumption (m3).
Land-based impacts are represented by land use (m2a crop eq), and
additional categories include various forms of eutrophication and acid-
ification. Table 6 presents the life cycle impact categories associated
with the production of 506 g of y-glycine sensors.

3. Results

After characterising the inventory flows using the ReCiPe 2016
midpoint (H) method, contribution analysis further identified specific
elementary flows responsible for primary impact categories. The global
warming potential (43.136 kg CO, eq) is almost entirely driven by

Glycine production had a relatively minor contribution, particularly in
categories associated with radioactive emissions, such as noble gases
(11.42%) and radon-222 (10.07%).

3.1. Uncertainty analysis

Since all calculations related to the manufacturing of y-glycine
sensors were performed in situ under controlled laboratory conditions,
the data are mostly reliable without any external manufacturing source
involved. As a result, this study focuses solely on uncertainties linked
to input parameters such as database proxy, transportation variability,
and fluctuations related to equipment power rating (Lloyd and Ries,
2007). Monte-Carlo simulations with 10,000 iterations were performed
using OpenLCA to evaluate the uncertainties associated with the man-
ufacturing of 506 g of y-glycine sensors. The Monte-Carlo method has
been reported as the most widely applied random sampling approach
in LCA, employed to simulate a range of possible outcomes from input
probability data (Igos et al., 2019). Figs. 8(a), 8(b), 8(c) and 8(d) show
the data distribution for terrestrial ecotoxicity, water consumption, hu-
man non-carcinogenic toxicity, and global warming, respectively. The
distributions remain relatively consistent across runs, demonstrating
the reproducibility and stability of the data.

3.2. Sensitivity analysis

A sampling-based sensitivity analysis (Groen et al., 2014) was per-
formed to identify the influence of input parameters on the overall en-
vironmental performance of y-glycine sensor production. This was car-
ried out to avoid the high computational demands typically associated
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with the traditional one factor at a time (OAT) technique (Campolongo
et al.,, 2007). Spearman’s rank-order correlation (p) was calculated
using Monte Carlo simulations (Cortes-Pena et al., 2022; Huijbregts
et al., 2003) with uniform distribution of each input parameter (see
Table 4) for terrestrial ecotoxicity, water consumption, human non-
carcinogenic toxicity, and global warming as shown in Fig. 9. Electricity
consumption emerged as the most sensitive parameter (p > 0.94), posi-
tively correlated across the selected impact categories, which indicates
that the parameter and the environmental burden move in the same
direction (Wei et al., 2015). As electricity remains a dominant contribu-
tor, the influence of other parameters is category-specific. For example,
copper production shows a notably higher sensitivity in terrestrial
ecotoxicity (p = 0.327) and human non-carcinogenic toxicity (p =
0.209) than global warming (p = 0.013). Additionally, marginal negative
correlations observed in parameters such as paper production represent
an inverse relationship with the total environmental impact, which can
be attributed to the inclusion of recycled content or lower emissions in
the production process (Groen and Heijungs, 2017; Bani Khalifi et al.,
2025) .

4. Discussion

The results underscore a significant influence of the electricity mix
used in the system on the overall environmental footprint. Several
cradle-to-gate life cycle assessment studies of PZT and other piezo-
ceramics also concluded that the electricity and heat energy used
in various stages of the manufacturing process are among the top
contributors. As highlighted by Ibn-Mohammed et al. (2018), electricity
appears to contribute strongly to climate change and cumulative energy
demand for PZT and alternative piezoceramics. Recent studies (Wu
et al., 2024) also report that the manufacturing phases of PZT, such
as ball milling, sintering, and drying, are primarily driven by electricity
consumption, which contributes significantly to the total environmental
burdens. The sensitivity analysis showed a strong positive correlation
of electricity parameters across all major impact categories, which was
also supported by Xia, Wei, et al. Xia et al. (2025), demonstrating
electricity consumption in open-pit molybdenum—copper mining during
the grinding stage as the most sensitive variable, accounting for over
50% of the total energy demand. Consequently, improving electrical
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efficiency or transitioning to a greener energy mix represents the most
effective strategy for systemic optimisation (Tao et al., 2024; Memon
et al., 2024).

As copper was identified as the second most influential process in
this study, it indicates that mining and metal processing can intro-
duce notable impacts to ecosystems. This is consistent with the find-
ings of Memon et al. (2025a,b), who demonstrated the environmental
impacts associated with mining and processing activities.

Although water consumption shows a significant value of 130.6
m?3, approximately 97.2% of the total consumption is attributed to
turbinated water used for hydroelectricity generation, which is often
categorised as non-consumptive since the water goes back to the system
after every cycle. Therefore, the net depletion of the water resource
is minimal compared to the gross inventory figure. However, passing
water through turbines can induce significant environmental interfer-
ences, primarily through oxygen depletion and thermal alterations that
can cause harm to aquatic life (Dorber et al., 2024; Bunea et al., 2010).

5. Limitations

Since this study involves the manufacturing and development of
a novel material, analysis associated with the user phase and service
life is not known yet. As a consequence, a mass-based functional
unit was selected instead of a service-based unit. The sensors are
currently being utilised for energy harvesting and structural health
monitoring applications to provide a foundational benchmark for future
cradle-to-grave analysis once long-term durability data under different
monitoring conditions is made available. The study is currently limited
to laboratory-scale production of y-glycine, which involves a consid-
erable environmental footprint such as CO, emissions (36.991 kg) and
water consumption (130.528 m3). However, there is scope for future
expansion to the industrial level that can potentially minimise per-
unit impacts by large-scale manufacturing and bulk sourcing the raw
materials. Notably, the results may vary depending on the region,
modelling assumptions, uncertainty inputs, database, and software type
and version.

6. Conclusion

This study conducted a cradle-to-gate life cycle assessment of y-
glycine-based piezoelectric sensors, manufactured as a potential lead-
free alternative to conventional PZT ceramics. The absence of lead in
y-glycine sensors eliminates the risk of heavy metal toxicity. However,
life cycle analysis revealed that their production is not impact-free.
Key environmental concerns include emissions of Radon-222 (578.728
kBq), radioactive noble gases (110.717 kBq), with substantial water
consumption (130.528 m3) and fossil CO, (36.991 kg).

The results showed that electricity consumption throughout the
fabrication phase, especially during crystallisation and heating stages,
is the dominant contributor to most environmental impact categories,
particularly global warming potential and water consumption. Cop-
per production was identified as the second most influential process,
while glycine production exhibited comparatively minor contributions.
Additionally, transportation analysis revealed the substantial fuel con-
sumption associated with raw material sourcing.

Furthermore, uncertainty analysis using Monte Carlo simulations
showed the density distribution of impact results, while sensitivity
analysis highlighted electricity consumption as the most critical param-
eter positively correlated for the selected impact categories. Based on
the 5th-95th percentile uncertainty interval, the terrestrial ecotoxicity
impact values ranged from 177.195 to 209.419 kg 1,4-DCB, water
consumption range from 115.148-166.177 m?, human non-carcinogenic
toxicity ranged from 41.485-50.068 kg and global warming ranged
from 37.544-55.913 kg CO, eq. This is a significant value of emissions,
which need to be considered and optimised during the manufacturing
of y-glycine sensors. The numbers show a conservative estimate for
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laboratory-scale production, but it can significantly reduce per-unit im-
pacts with large-scale mass manufacturing through bulk transportation
and minimised energy load.

In conclusion, this research establishes a foundational environmen-
tal profile of y-glycine sensors and demonstrates the potential of amino
acid-based materials as sustainable and biodegradable alternatives to
lead-containing piezo ceramics. The findings also provide a reference
for the future cradle-to-grave LCA study of y-glycine sensors and com-
parisons with PZT devices along with the scope for process optimisation
and cleaner energy inputs to minimise environmental impacts.
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