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Abstract
Novel printed electronics are projected to grow and be manufactured in the future in large
volumes. In many applications, printed electronics are envisaged as sustainable alternatives to
conventional (PCB-based) electronics. One such application is in the semi-quantitative drug
detection and point-of-care device called ‘GREENSENSE’ that uses paper-based printed
electronics. This paper analyses the carbon footprint of GREENSENSE in order to identify and
suggest means of mitigating disproportionately high environmental impacts, labeled ‘sustainability
hotspots’, from materials and processes used during production which would be relevant in
high-volume applications. Firstly, a life cycle model traces the flow of raw materials (such as paper,
CNCs, and nanosilver) through the three ‘umbrella’ processes (circuit printing, component
mounting, and biofunctionalization) manufacturing different electronic components (the
substrate, conductive inks, energy sources, display, etc) that are further assembled into
GREENSENSE. Based on the life cycle model, life cycle inventories are modeled that map out the
network of material and energy flow throughout the production of GREENSENSE. Finally, from
the environmental impact and sustainability hotspot analysis, both crystalline nanocellulose and
nanosilver were found to create material hotspots and they should be replaced in favor of
lower-impact materials. Process hotspots are created by manual, lab-, and pilot-scale processes
with unoptimized material consumption, energy use, and waste generation; automated and
industrial-scale manufacturing can mitigate such process hotspots.

Nomenclature

Ag Silver
Ag-ink Nanosilver Ink
Al Aluminium
AT Austria

CNC Cellulose Nanocrystals
CNF Cellulose Nanofibers
CO2 Carbon dioxide
DE Germany
ECD Electrochromic Display
EoL End-of-Life
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ES Spain
FR France
Gen 2 Generation II Device
Gen 3 Generation III Device
IL Israel
IoT Internet of Things
LCA Life Cycle Assessment
LCI Life Cycle Inventory
MA Morphine antibody ink
MBGO Methylene blue/graphene oxide Ink
MnO2 Manganese dioxide
NFC Near-field Communication
PCB Printed Circuit Board
PET Polyethylene terephthalate
polyNHS Poly(N-isopropyl acrylamide-co-(N-

methacryloxysuccinimide))ink
SE Sweden
Supercap Supercapacitor
TRIS Buffer Buffered

tris(hydroxymethyl)aminomethane
(TRIS)-solution

WEEE Waste Electrical and Electronic
Equipment

Zn Zinc

1. Introduction

1.1. Background
With the advent of the IoT as a part of the 4th
Industrial Revolution (Roselli et al 2015), the demand
for smart devices in the fields of textiles, packaging,
medical/health-monitoring, etc, is expected to boom
(Kokare et al 2021). This growth in demand for smart
devices is anticipated to be met by a new gener-
ation of ‘printed electronics’, rather than the con-
ventional PCBs. Printed electronics enable the con-
tinuous manufacturing of flexible circuits in large
volumes and at low costs for a variety of applica-
tions (Glogic et al 2021), and are therefore anticipated
to spearhead the transition into a world of intercon-
nected devices, sensors, and services (Wiklund et al
2021).

This new printed electronics technology is expec-
ted to enable ‘electronics everywhere’ (Hakola et al
2021), and their massive production volumes are
expected to also give rise to environmental concerns,
such as those associated with the creation and mis-
management of large volumes of WEEE (Glogic et al
2021, Nassajfar et al 2021). Despite these concerns,
printed electronics are interesting for researchers and
the industry because they seem to offer means to
mitigate the foreseen environmental issues through
the following manufacturing benefits (Wiklund et al
2021):

• Eco-design and resource efficiency.
• Minimization of energy use during production
(and use-phase).

• Reduction in the use of hazardous substances.
• Possibility to use biodegradable materials.

1.2. GREENSENSE
The project GREENSENSE (LEITAT 2018) envis-
ages a point-of-care device for semi-quantitative drug
detection in bio-fluids to tackle drug abuse in soci-
ety. The GREENSENSE point-of-care solution is
obtained by the integration of printed components,
such as an ECD along with an energy storage unit (a
battery or supercap), together with dedicated micro-
chips on paper-based printed circuits. As a part of the
project, specifically two different device (paper-based
printed electronic) configurations were developed as
shown in table 1: the Gen 2 configuration harvests
energy from supercaps and solely relies on NFC con-
nectivity for data transmission; the Gen 3 configura-
tion visually presents the results on an ECD and util-
izes a primary battery as the power source10.

Various synthetic and biological materials (Yang
et al 2011, Li et al 2020) may be employed in the
substrate of printed electronics; however, paper was
selected for GREENSENSE as it has the advantage
of being a flexible, cheaply available, and biodegrad-
able material with low environmental impacts and
an established recycling system (Hakola et al 2021).
Due to its surface roughness and porosity, the paper
is coated with a film of CNCs to facilitate the printing
of circuit layout using conductive Ag-ink (Fernandes
et al 2020). The overall goal of GREENSENSE is
to prepare a paper-based, low-impact, and func-
tional printed electronic system that benefits society
without posingmajor environmental harm in the face
of improper disposal or leakage to nature.

1.3. An early-stage sustainability assessment
The components (e.g. energy storage units, ECD,
etc) and processes (e.g. circuit printing, compon-
ents assembling, etc) utilized in the GREENSENSE
point-of-care device are still in their infancy and con-
sequently not optimized for large-scale production or
supply to the market. For such an early-stage tech-
nology, a sustainability assessment is pivotal and can
prove to be a powerful tool to weed out potential
environmental problems already during the devel-
opment phase. According to literature, the materials
selected and the processes applied for manufactur-
ing or integrating components at the early stages of
development contribute to the majority of the envir-
onmental impacts in any finalized product (Kunnari
et al 2009). Consequently, a sustainability assessment
conducted at the early-design phase is necessary to
actively steer the development process toward more
sustainable products by recommending materials,
designs and processes with lower environmental foot-
prints (EFs). On the other hand, using a sustainability
assessment to balance functionality and sustainability

10 GREENSENSE generation I platform utilized a conventional
PCB system and has thus been excluded from this assessment.
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Table 1. Comparison of Gen 2 and Gen 3 configurations of GREENSENSE.

Gen 2 Gen 3

Components:
• NFC antenna
• Microchip
• Biosensor
• Energy storage unit:
2× supercaps

• Passive components
(two capacitors)

Components:
• NFC antenna
• Microchip
• Biosensor
• Electrochromic
display (ECD)

• Printed buttons:
o Permanent switch
o Toggle switch

• Energy storage unit:
battery

• Passive components
(two capacitors)

Use: Unpacking the sensor activates the
supercapacitor and powers up the device; the saliva
sample may then be placed on the biosensor for
drug detection; the data about drug detection will
be transferred to an app on the mobile phone using
the NFC antenna.

Use: Once turned on using the printed buttons, the
device draws power from the battery; the saliva
sample can be tested using the biosensor; the results
of the drug detection may be read directly on the
ECD of the device or be transferred to a mobile app
using the NFC antenna.

for mature technologies (with optimized and rigid
processes and supply chains) may not be as fruitful:
the recommendations from a sustainability assess-
ment may be viewed by the product developers
as unrealistic and challenging to adopt (lock-in
effect).

A LCA is the best tool to assess the environmental
impacts from existing as well as novel materials, pro-
cesses, and technologies (Glogic et al 2021). By com-
prehensively analyzing the material consumption,
energy requirements, and waste generation through-
out the respective lifecycles of materials, processes,
and products, LCAs serve as decision support tools
that aid in sustainable material selection, product
eco-design, sustainable disposal and EoL, and policy
development to minimize environmental impacts
(Liu et al 2014).

Although there are LCA studies in literature
focusing on the environmental impacts of printed
and flexible electronics (Kanth et al 2012, Liu et al
2014, Wan et al 2015, 2017, Välimäki et al 2020,
Glogic et al 2021, Hakola et al 2021, Kokare et al
2021, Nassajfar et al 2021), LCA results have not yet
been consolidated into a framework to support the
future development of sustainable printed electron-
ics. The research presented here is an LCA of the
GREENSENSE manufacturing and integration chain
that aims to offer guidance on the development of
sustainable printed electronics. By limiting the LCA’s
scope to the production phase and additionally con-
ducting a hotspot analysis, the largest sources of
environmental impacts during the manufacturing of
GREENSENSE have been highlighted, broken down
into explicit shares, and attributed to the respective
materials and components.

Focussing on prototyping, production, and
design phases in LCAs allows for the selection of
sustainable materials, eco-design, and finally res-
ults in environmentally friendlier products (Man-
junatheshwara and Vinodh 2021). The use phase and
the EoL are also relevant in an LCA; however, product
developers have limited control over these stages of
the life cycle. The use phase is dependent on the user
of the product and the EoL is largely determined
by the waste management system. In contrast, the
materials and processes used during the production
phase are at the discretion of the product developer
and they can be optimized to minimize environ-
mental impacts. Another reason for focusing on the
production phase is that GREENSENSE, like many
prospective printed electronics applications, is anti-
cipated to be manufactured in large volumes as it
is a single-use and disposable point-of-care device
with a short lifespan (Keskinen 2012). The large
quantities of waste envisioned from such a readily
disposable device are likely to be ineffectively man-
aged by the current electronic waste management
system; i.e. despite all favorable attempts for recyc-
ling, there is a possibility that these devices and the
valuable materials contained in them will end up in
the environment or landfills (Hakola et al 2021). As
a result, the design of the GREENSENSE device is
reliant on compostable biomaterials, such as paper,
so mismanagement at the EoL and the leakage to
nature or landfilling causes minimum environmental
impact. Apart from the release of toxic substances and
the persistence of waste in nature, not undertaking
the recycling of electronics leads to the loss of valu-
able materials and critical resources to the environ-
ment (Li et al 2020). Thus, the sustainability hotspot
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assessment of the production processes can be crucial
in quantifying, justifying, and also minimizing the
exact impacts created bymaterials that, by design (for
composting), are intended to be lost to nature. For a
device designed for composting, the materials used
should not only fit the criteria of being biodegrad-
able and biocompatible but also have low sourcing
impacts. The best design for compostable electronics
would include utilizing minimal quantities of non-
critical and non-precious functional materials so that
their loss to nature does not create resource effi-
ciency concerns. Thus, the objective of this sustain-
ability assessment is to identify the critical materials
and design considerations, underscore the major sus-
tainability roadblocks for GREENSENSE, and finally
produce recommendations that inform eco-design
principles relevant to the entire printed electronics
sector.

2. METHODS

2.1. Productionmodel for GREENSENSE
The production of GREENSENSE is a collaborat-
ive effort within a consortium consisting of research
institutes and companies spread across different
countries (LEITAT 2018). Each consortium member
undertook the development of materials and manu-
facturing of components that were finally assembled
into the GREENSENSE devices. Figure 1 illustrates
the entire GREENSENSE production chain consist-
ing of lab-, pilot-, and industrial-scale processes. In-
depth details about the production of individual com-
ponents are available in chapter S7 of the supplement-
ary material. Additionally, figure 1 also denotes pro-
cesses that occur at an industrial scale; processes not
classified as industrial utilize a mix of pilot- and lab-
scale equipment and thus cannot be further classi-
fied categorically as either lab or pilot scale. Hence,
all non-industrial processes in figure 1 lie within the
lab- to pilot-scale spectrum.

The process model in figure 1 depicts the pro-
duction of the Gen 2 and Gen 3 architectures of the
GREENSENSE device. As expressed in table 1, Gen 2
and Gen 3 differ in terms of functionality: Gen 2 is a
compact system, that relays on NFC communication
that uses 2-supercaps as an energy source, whereas
Gen 3 integrates an ECD to provide a readout of the
results and utilizes a battery as an energy source. The
added functionality of Gen 3 makes the device larger,
and more complex and differentiates its production
processes (e.g. assembling a larger number of com-
ponents) from those of Gen 2.

The complex production model in figure 1 has
been further simplified here by underscoring three
‘umbrella processes’: circuit printing, component
mounting, and biofunctionalization. Each of the
materials used, processes applied, and components

developed for GREENSENSE can be classified into
a corresponding umbrella process. In the correct
sequence, the following umbrella processes encapsu-
late the entire production model of GREENSENSE.

2.1.1. Circuit printing
The first umbrella process is circuit printing. This
includes the sourcing and functionalization of the
substrate and monolithic printing (via flatbed screen
printing technology) of the circuit, electrodes for the
biosensor, and anNFC antenna. The substrate used in
the case of the GREENSENSE device is paper (Hakola
et al 2021) that has been coated with a 2–4 µm
film of CNCs (Börjesson andWestman 2015, Sharma
et al 2020). On this prepared substrate, the circuit,
antenna, and sensor electrodes were printed using an
Ag-ink (Fernandes et al 2020) in combination with
a variety of commercially available carbon, Ag/AgCl,
and dielectric inks. The outcomes of circuit printing
are the two printed electronic circuits on which com-
ponents are mounted to prepare the Gen 2 and Gen 3
biosensing platforms respectively.

2.1.2. Component mounting
Once the printed circuit is ready, the electronic com-
ponents are mounted using a Ag-based conductive
adhesive in this second umbrella process. Gen 2 and
Gen 3 share the rigid components (themicrochip and
two capacitors) which are mounted using an auto-
mated process developed by adapting tools and pro-
cesses commonly used in the assembly of standard
PCBs. Apart from the rigid components, the Gen 2
device incorporates two-supercaps for energy storage
whereas Gen 3 incorporates a primary battery. Fur-
thermore, Gen 3 has an ECD to display the results.
The mounting of the supercaps, the primary battery,
and the ECD is performed manually.

2.1.3. Biofunctionalization
This final umbrella process is biofunctionalization
(Petersen 2017) and it involves the activation of
the sensor electrodes using specifically formulated
bioinks (Jose et al 2016). The nature of the bio-
functionalization dictates the performances of the
biosensor (e.g. selectivity, detected analyte, and
sensitivity); the GREENSENSE platform has been
biofunctionalized to detect morphine in saliva.

2.2. LCA
LCAs are effective tools to understand the environ-
mental impacts of existing as well as novel technolo-
gies (Glogic et al 2021). In literature (Schmidt and
Pizzol 2014, Zheng et al 2018), the LCA methodo-
logy as per ISO 14040 has been explained in great
detail and specifically applied for both, conventional
as well as novel printed electronics. The following
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Figure 1. Process diagram illustrating the materials, components, and processes utilized for manufacturing the Gen 2 and Gen 3
configurations of GREENSENSE; the country or the geographical region of the respective processes have been listed below the
process name in the round ‘()’ brackets as abbreviations; superscript ‘ind.’ indicates an industrial-scale process, otherwise, the
process is somewhere in the spectrum ranging from lab- to pilot-scale; the three umbrella processes: circuit printing, component
mounting, and biofunctionalization have also been highlighted.

steps explain the LCA methodology applied in this
study.

2.2.1. Goal and scope definition
A production or a cradle-to-gate LCA (Zheng et al
2018) was conducted for the system described in
figure 1. The functional unit for the assessment was
determined to be a single unit of the Gen 2 and Gen
3 devices produced. As mentioned previously and
explained in table 1, the functionality of a single unit
of Gen 2 and Gen 3 differs: Gen 3 has an additional
display (ECD) to read out the results from the bio-
sensor’s drug detection. This difference in functional-
ity implies that a comparison between the two config-
urations is moot from the LCA perspective due to the
absence of functional equivalence (Kim et al 2017).
That being said, the goal of this study is not to com-
pare the impacts of the two configurations, but rather
to identify the sustainability hotspots in their produc-
tion chains and bust sustainability myths for material
scientists and developers of printed electronics.

2.2.2. Modeling the LCI
The first step in modeling the LCIs was to collect the
data from all the consortium partners on their spe-
cific processes: quantities related to material inputs,
material composition, energy requirements, waste
production, and any other emissions were obtained
through technical process surveys. The information
from the surveys was furthermodeled into LCIs using
the background data from v3.7.1 of the Ecoinvent
database (Wernet et al 2016). The LCIs are comprised
of datasets on individual materials, components, and

processes. The energy consumption in each dataset
is regionalized and modeled based on the respective
energy mixes of the processes’ country or geograph-
ical region abbreviated in figure 1. Nevertheless, cer-
tain specific activities have been excluded from LCI
modeling, particularly those related to transporta-
tion and infrastructure. Since the manufacturing of
the GREENSENSE devices is limited to lab and pilot
scale, the transportation ofmaterials and components
between facilities was carried out by using parcel
delivery services that handle small-volume packages.
Since such a transportation model is neither rep-
resentative of a real supply chain nor traceable, it
was excluded from the LCI modeling. Additionally,
setting up of infrastructure (such as the construc-
tion of research facilities or manufacturing of equip-
ment) utilized during GREENSENSE is also beyond
the scope of the modeled inventory; this is primar-
ily because the same equipment and facilities are
involved in multiple research projects and attributing
shares to a single project was not possible. Notwith-
standing, energy consumption for rooms and opera-
tion of equipment for manufacturing GREENSESNE
is modeled in the LCIs as it was possible to meas-
ure and report in the initial data survey on the
processes.

2.2.3. Impact assessment
Finally, the impact assessment was carried out as
per the ILCD’s 2018 method (Fazio et al 2018)
within the activity-browser (Steubing et al 2020)
framework of Brightway2 (Mutel 2017). Further-
more, the climate change impacts (carbon footprints)
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were calculated and have been presented in kilo-
grams of CO2 equivalents (kg CO2 eq.). As men-
tioned earlier, comparing the results from the impact
assessment of both configurations is not sensible
because of the differing functionalities. However, it
is also true that the carbon footprints of Gen 2 and
Gen 3 have limited interpretability individually and
require contextualization. Therefore, solely for the
purpose of contextualizing (and not comparing) the
results of the impact assessment, the carbon foot-
prints of both configurations have been juxtaposed
further on.

2.3. Sustainability hotspot analysis
The results from the impact assessment are the car-
bon footprints of the materials, components, and
processes used during production. A further step is
to identify the climate change hotspots in the pro-
duction process by tracing the impacts back to the
respective materials used, energy consumed, waste
generated, and emissions. This is achieved by map-
ping the ‘flow of impacts’ across the processes and
materials during production. The impact flow has
been representedwith a Sankey diagramplotted using
the ipython Sankey widget (Lupton and Allwood
2017).

With the help of the Sankey diagram, key hotspots
have been identified and classified as:

• Materials hotspots from materials with a dispro-
portionately high impact considering their used
quantity.

• Process hotspots from unoptimized processes that
use excessive quantities ofmaterials and energy and
generate excessive quantities of waste.

3. Results

3.1. Impacts from individual components and
processes
The climate change impacts from the processes and
the components used in the manufacturing of the
Gen 2 and Gen 3 devices are illustrated in figure 2.
These impacts have been classified into the respect-
ive umbrella processes, i.e. circuit printing, compon-
ent mounting, and biofunctionalization. Finally, the
total climate change impacts from the production of
the GREENSENSE devices have been calculated by
adding up all the impacts from the umbrella pro-
cesses. Furthermore, the climate change impacts from
the production of GREENSENSE have been contex-
tualized by juxtaposing the results for Gen2 and Gen
3; these impacts can be further compared to impacts
from common items and products (see table S1).

Figure 2 shows that the total carbon footprint of
the Gen 3 (3.269 kg CO2 eq.) device exceeds that
of Gen 2 (1.354 kg CO2 eq.). The larger size of the

Gen 3 device entails higher material usage (e.g. sub-
strate and Ag-ink for circuit). Moreover, the pres-
ence of an additional and heterogeneously mounted
ECD on the Gen 3 circuit, has an additional impact
(0.424 kg CO2 eq.) that is associated with the com-
ponent in itself and with the process and materials
used for its mounting. The larger size of the Gen 3
device also means that it requires a substrate with a
larger area and consequently, the substrate impacts in
Gen 3 are higher than that of Gen 2. Finally, the larger
size of the Gen 3 device also influences the efficiency
of the biofunctionalization process since the larger
Gen 3 devices can only be functionalized individu-
ally, whereas multiple Gen 2 devices could be simul-
taneously functionalized in a batch. Therefore, for the
same amount of energy required for biofunctionaliz-
ing each Gen 3 sensor, up to four Gen 2 sensors can
be biofunctionalized and this is reflected in the higher
biofunctionalization impact of the former (0.484 kg
CO2 eq. for biofunctionalizing Gen 3 versus 0.148 kg
CO2 eq. biofunctionalizing for Gen 2). Essentially, the
cost of higher functionality of Gen 3 is its higher car-
bon footprint in the LCA.

The power source is the only component for
which the impacts of Gen 2 exceed that of Gen 3. Due
to the voltage requirement of themicrochip (>3.5 V),
its operation is made feasible by the use of several
energy storage units that are connected in series.
The Gen 2 device requires two supercaps to oper-
ate while the Gen 3 device uses a single energy unit
consisting of three monolithically-integrated batter-
ies. When it comes to the impacts due to the energy
sources, the manufacturing of a single battery unit
(0.152 kg CO2 eq.) is comparable to those of a single
supercap (0.142 kg CO2 eq.). Despite having a lower
energy density than the battery unit, supercaps have
a high impact because they are produced to a great
extent manually at the lab scale in contrast to the
semi-automated and industrial-scale manufacturing
of the battery units.

Apart from the battery, the microchip is also
manufactured at an industrial scale. The negligible
impacts from the microchip (0.008 kg CO2 eq.)
in figure 2 exemplify the inherent environmental
advantage of optimized industrial-scale processes:
the impacts from the battery and the microchip
are minute in comparison to the impacts from the
other components manufactured at a lab or pilot
scale.

3.2. Impact contributions and sustainability
hotspots
The Sankey diagram in figure 3 further dissects the
climate change impacts depicted in figure 2 based on
the information in the supplementary material. The
overall carbon footprints of the Gen 2 and Gen 3
devices are illustrated on the left side of the Sankey
diagram, while the flow of the climate change impacts
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Figure 2. The total climate change impacts for the manufacturing of Gen 2 and Gen 3 GREENSENSE devices obtained by adding
up the impacts from specific materials, components, and processes in the respective umbrella processes: circuit printing,
component mounting, and biofunctionalization; superscript ‘ind.’ indicates an industrial-scale process, otherwise, the process is
somewhere in the spectrum ranging from lab- to pilot-scale.

(referred to further as just ‘impacts’) is traced across
each umbrella process (i.e. the circuit printing, com-
ponentmounting, and biofunctionalization), and lis-
ted towards the middle-left of the Sankey diagram.
The footprints are further traced to the components
andprocesses (from figure 2) in themiddle of the San-
key diagram. Finally, all the impacts can be eventu-
ally traced and attributed to the materials and energy
required during production, and they are shown in
the middle- and far-right of the Sankey diagram.

As depicted in figure 2 and the right area of
figure 3, a large share of impacts from both Gen 2
and Gen 3 manufacturing arise from the substrate.
Within the substrate, the paper has aminority share in
the impacts of around 1% despite being the essential
material for the substrate and having a mass share of
99% (see figure S1). Whereas, the CNC, despite hav-
ing a dry mass share of just ca. 1%, contributes over
56% of the impacts in the substrate. The remaining
43% of the impacts in the substrate are ascribed to
the energy required for the pilot-scale coating of the
paper with CNC. This impact profile of the substrate
is also crucial for the ECD that is printed, as a stand-
alone component, on the same substrate material and
subsequently integrated into the Gen 3 circuit.

The waste generated during production processes
requires treatment, and this is found to be a sub-
stantial source of impact specifically for the pro-
duction of supercaps and other lab-scale processes.
Most of these lab-scale processes also have a high
impact due to unoptimized energy consumption.

Biofunctionalization is one such lab-scale process that
is conducted in batches, and the largest share of
its impacts arise from the energy requirements for
the process rather than the bioinks actually used for
biofunctionalization.

The Ag, present in the Ag-ink and the conductive
adhesive, is a precious metal that has a high sourcing
impact. Thus, Ag is by far the biggest sustainability
hotspot in the production of GREENSENSE as it is
the largest sole contributor to the total impacts of Gen
2 and Gen 3. Interestingly, as seen in figures 2–3, the
impact from the Ag-ink itself is relatively small com-
pared to the conductive adhesive and the substrate.
This highlights the benefits of additive manufactur-
ing for smaller circuits with small conductive areas
as only adding on the required amount of materi-
als through the efficient printing process proves to
be eco-friendly. A much larger impact may be attrib-
uted to the conductive adhesive used to integrate
the microchip and ‘other components’ (to repres-
ent the mounting of the display and power source in
figure 3) on the circuit. The reason for distinguishing
themounting of themicrochip from that of the ‘other
components’ in figure 3 is the automated nature of the
former. The machine-based mounting process of the
microchip uses a minimal and optimized amount of
conductive adhesive. All the ‘other components’ are
mounted by hand, which inadvertently leads to an
unoptimized and excessive use of the Ag-based con-
ductive adhesive, and consequently, a higher impact
from the mounting process.
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4. Discussions

4.1. Key hotspots
The results underscore material and process hotspots
in the production chain with disproportionately high
impacts. These impacts may arise as a result of the
following reasons: use of materials with high envir-
onmental impacts (environmentally intensive mater-
ials); unoptimized processes and design inefficiencies
leading to excess material and energy usage or waste
production.

4.1.1. Material hotspots
Material hotspots are created by environmentally
intensivematerials when they are used in small quant-
ities. This is observed in the case of CNC used as a
coating for the paper substrate. Counterintuitively,
CNC is one of the environmental hotspots in the pro-
duction of Gen 2 and Gen 3 despite being benign
and a renewable material originating from abund-
ant biomass. It is the high energy requirement for
the manufacturing of the nanomaterial, that makes
this material a hotspot, particularly from a global
warming perspective (Gao et al 2018). In our assess-
ment, 98% of the impacts from CNC originate from
the high energy demand required for isolating and
producing the nanomaterial; therefore replacing the
feedstock (pulp from virgin wood) to waste biomass
or agricultural residues will have a limited sustain-
ability benefit (Tao et al 2017). This raises a larger
argument about how bio-based materials are always
perceived as ‘green’ alternatives to fossil materials,
which is not always true in reality. There are of course
established bio-materials with a low impact such as
paper; however, there is a growing interest in the prin-
ted electronics community to use novel biopolymers
(Nassajfar et al 2021) with a ‘green’ reputation that
may not hold (Ivanovíc et al 2021).

Another key material hotspot in the production
process of GREENSENSE is Ag, which is even more
environmentally intensive to procure than CNC.
From a global warming perspective, the procurement
of 1 kg of Ag has a climate change impact of ca.
458 kg CO2 eq., which is ca. 72-times higher than
that of 1 kg copper (Wernet et al 2016) that is used
in conventional PCB-based electronics solutions. Ag
is a precious and difficult-to-mine metal that con-
sequently is environmentally intensive to procure.
The high impact of Ag in conductive inks is a widely-
known issue in the printed electronics community
(Välimäki et al 2020, Nassajfar et al 2021). Despite
several efforts to develop alternative conductive inks
based on copper, Zn, and carbon with lower environ-
mental impacts (Glogic et al 2021, Majee et al 2021,
Wiklund et al 2021), the printed electronic sector still
heavily relies on the use of Ag because of its easy pro-
cessability, electrical performances, and stability.

A new learning from the present study is the large
impact of component mounting due to the use of Ag-
based conductive adhesives. In fact, the Ag from the
conductive adhesive contributes the largest share of
impacts in the production of GREENSENSE. This is
interesting because while the Ag-ink has a signific-
ant impact, it is dwarfed completely by the impacts of
the conductive inks. At the time of the present study,
no further research was found on the development
of conductive adhesives using alternative metals with
lower environmental impact. Since many complex
components are difficult to print directly or integrate
monolithically on the substrate, the demand for com-
ponent mounting may rise with the growth in applic-
ations for printed electronics. Hence, the exploration
of more sustainable mounting adhesives or processes
(e.g. low-temperature soldering) would be viable and
could significantly aid in reducing the impacts from
printed electronics. Changing the materials used for
the mounting process would be an obvious approach
to reduce its impact; however, a less obvious but
equally relevant approach would be to optimize the
design of the device to facilitate the monolithic integ-
ration of components.

4.1.2. Process hotspots
Apart from the materials, unoptimized processes
also create sustainability hotspots in the produc-
tion chain. Particularly lab-scale production pro-
cesses result in higher impacts as a consequence
of the unoptimized material and energy consump-
tion. In comparison, large-scale production pro-
cesses benefit from enhanced efficiency, optimized
material use, and energy consumption, along with
minimized waste generation as a result of scaling
up a process (Piccinno et al 2016). Additionally,
some lab-scale processes are very energy demand-
ing because material development occurs in clean
rooms, which draw a lot of power (Kunnari et al
2009). Thus, in the present study, it is seen that
industrial processes simply outclass laboratory pro-
cesses in terms of impacts; this was also anticip-
ated at the data collection phase when the process
surveys from labs highlighted the large amounts of
energy required, materials used, and waste generated
per unit quantity of the output. The majority of the
energy hotspots are created by the substrate coating
process and biofunctionalization, neither of which
is an industrial-scale process (details in chapter S7).
Moreover, the treatment of waste is also seen to create
significant impacts in the lab-scale manufacturing of
supercaps.

Another underlying reason for process hotspots
may be design limitations. Certain processes may
be automated and optimized even at a lab scale;
moreover, devising a product design that is ideal
for automated processes is challenging and tedious
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(Bonnassieux et al 2021). For example, the biofunc-
tionalization process is automated but performed
with a lab-scale device that only allows conduct-
ing this step in batches. Furthermore, the area that
the machine can biofunctionalize in one go is con-
strained; thus, the larger size of Gen 3 implies that
only a single platform can be biofunctionalized in a
batch, and consequently, the energy impact for bio-
functionalization per Gen 3 device rises. Similarly,
the lab-scale mounting of the microchip is achieved
with an automated machine that minimizes the use
of the high-impact conductive adhesive. However,
not all components are designed to be mounted by
machines, and these components have to be moun-
ted on the circuit manually.

A clear example of how the system design can
affect its overall impact can be deduced by semi-
empirically comparing the overall impacts of Gen 3
when the ECD is monolithically integrated within
the circuit substrate. The monolithic integration of
the ECD on the circuit substrate will avoid the need
for additional substrate (that accounts for ca. 80%
of the overall ECD impact) and will remove the
need for the use of Ag adhesive for its assembling
(ca. 60% of the overall adhesive usage in Gen 3).
Thus, this change in the system can be expected to
reduce the overall impact of Gen 3 by ca. 40%. It
must be noted that this semi-empirical evaluation
does not account for other factors that might come
into play due to the monolithic integration of ECD
such as a higher system complexity that might affect
production, yield, and subsequently increase waste
production.

Hence, the high impacts of the mounting of com-
ponents may be attributed to the high impacts from
the Ag-based conductive adhesives and the design of
components that cannot be mounted by automated
machinery. Both of these lead to the creation of pro-
cess hotspots during ‘other component’ mounting.

4.2. Limitations
Data availability is always restricted to some extent in
LCA studies. In general, there is a dearth of data to
model the LCIs for proprietary commercial formu-
lations, especially for novel developments (Kunnari
et al 2009). Past LCAs (Wan et al 2017) had access
to no data for certain components of printed elec-
tronics and relied extensively on assumptions for their
evaluation. For the present research, being a part of
a consortium allowed access to much of the propri-
etary data that would not have been available other-
wise. Nevertheless, it was not possible to obtain all
the needed data for certain commercial inks, specific-
ally carbon and dielectric inks. Those datasets have
been created by adopting relevant proxies that pre-
existed in the Ecoinvent database or modeled based
on literature and assumptions. The said assumptions
and proxies, however, were deemed to be reasonable

given that their impact shares are unlikely to be com-
parable to CNC and Ag and drastically alter the final
outcomes of this research.

Another limitation arises from the direct com-
parison of results based on lab- and industrial-scale
data. As mentioned earlier, lab-scale processes are
unoptimized and the data from such processes can-
not capture the environmental benefits observed in
industrial- andmass-scale production. This was high-
lighted by the negligible impacts from the industrial
manufacturing of microchips in comparison to the
other processes in the assessment. Although there are
methods in literature (Piccinno et al 2016) to scale
up lab processes and model impacts from industrial-
scale production, the data required to build and the
relevant scaled-up process models were unavailable.
Nevertheless, the comparison between impacts from
different scale processes is still relevant and valid
as lab-scale results can still provide some insights
into possible impacts from their scaled-up coun-
terparts. Furthermore, the lab- or pilot-scale data
and the higher corresponding impacts are represent-
ative of current reality and state-of-art. Projecting
and presenting lower industrial-scale impacts (with
uncertainty) using non-standardized upscalingmeth-
ods (Shibasaki et al 2007, Piccinno et al 2016) may
present an overly optimistic picture (unless verified
through actual scaled-up manufacturing of printed
electronics in reality) that may be misused for mar-
keting purposes. Since completed industrial manu-
facturing of printed electronics is presently not wide-
spread, data for modeling upscaling is unavailable,
and attempts in this direction will possess limited sci-
entific merit (Cucurachi et al 2018, Maranghi et al
2020).

Finally, the scope of the present assessment is lim-
ited to the carbon footprint from the production pro-
cess. Other environmental impact categories, such as
ecotoxicity, water footprint, etc have been excluded
from this assessment as it was considered improb-
able that they would provide more information on
or underscore different hotspots (Esnouf et al 2019).
Nevertheless, there is a risk of ‘burden-shifting’ and
negligence toward other environmental impacts by
solely focusing on carbon footprints (Algunaibet and
Guillén-Gosálbez 2019, Jackson and Brander 2019)
or having a ‘carbon-tunnel vision’ (Jensen 2021). A
possible solution could be to consider the EF 3.0
(European Commission 2021) or the ReCiPe 2016
(Huijbregts et al 2017) methods for impact assess-
ment that can simultaneously compute and aggreg-
ate impacts over multiple categories but the final
aggregated environmental scores obtained often lack
physical meanings (Kalbar et al 2017). For the prin-
ted electronics sector, particularly organic and bio-
based electronics, more research is required to under-
stand which environmental impact categories are
pertinent to specific applications in order to min-
imize environmental burden shifting (Johnsen and
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Løkke 2013). However, the product environmental
footprint (PEF) category rules for IT equipment
(European Commission 2018) identify total climate
change, resource use (minerals and metals), resource
use (fossils), and particulate matter/respiratory inor-
ganics emissions as the most relevant impact cat-
egories for conventional electronics and PCBs; these
impact categories would be particularly relevant and
could be applied in studies that aim to benchmark
the impacts from printed electronics against conven-
tional electronics.

There are other production concerns related to
printed electronics considered to be beyond the
scope of this assessment, such as occupational health
and safety risks from the fumes emitted during the
handling and curing of inks in the printing process
(Kunnari et al 2009, Keskinen 2012). These issues
related to inks could be mitigated by using water or
sustainable solvent in the ink media (Yang et al 2011,
Larsen et al 2021), but quantifying the benefits of the
same to the occupation health and safety of workers
would not be possible within the scope of an LCA.
Additionally, apart from the high impact related to
Ag, there are various eco-toxicological concerns asso-
ciated with the release of nano-Ag (Keskinen 2012,
Wiklund et al 2021) into the environment particu-
larly from compostable printed electronics. However,
these are concerns more relevant in EoL studies in
which the leakage of nano-Ag to the environment
from single-use and compostable printed electron-
ics would be the prime focus. Nevertheless, all the
externalities (Moreau et al 2021) mentioned above
are expected to have a bearing on the sustainabil-
ity of the GREENSENSE device and we hope to fur-
ther explore them in future research. Finally, as stated
earlier, this assessment excludes the EoL and focuses
on the production phase because the product design-
ers and material scientists can tweak the latter’s effi-
ciency and sustainability but have limited control over
the former. Regardless, assessing the EoL and under-
standing the best waste treatment options are also
pertinent to developing sustainable printed electron-
ics. For readers interested in the EoL of printed elec-
tronics, we recommend our other study (Sudheshwar
et al 2023) which looks at the topic in detail and
highlights the importance of circular economy cri-
teria (Hummen and Sudheshwar 2023) and recycling
in the lifecycle of paper-based printed electronic sys-
tems like GREENSENSE.

5. Recommendations

The intention behind the use and development of
printed electronics that utilize biodegradable sub-
strates (such as paper) is to minimize environmental
impacts in the case of mismanagement at the EoL.
However, such an approach does not focus on the
recycling of materials and may simply cause the leak-
age of precious resources, with high sourcing impacts,

to the environment. Thus, it is necessary to focus on
the production of such electronics and mitigate the
key material and process hotpots from the perspect-
ive of sustainability. A production LCA can serve as a
guiding tool in the selection of lower-impact materi-
als at the development stage and ensure safe and sus-
tainable eco-design for early-stage technologies.

The LCA presented in this assessment focuses on
the production of GREENSENSE and it highlights
the heavy dependence of printed electronics on Ag,
which is a material with high sourcing impacts and is
used in conductive inks and adhesives. Thus, there is a
need for the printed electronics sector to explore con-
ductive inks and adhesives for additivemanufacturing
based on metals with lower environmental impacts.
Anothermaterial hotspot in the assessment was CNC,
which was surprising, as it is a biomaterial; thus, it
is important to reassess the general perception about
biomaterials being that they always have low environ-
mental impacts and are ‘green’ to procure.

Finally, the hotspot analysis highlights the dis-
crepancy in the impacts arising due to the scale of a
process: smaller unoptimized processes at a lab scale
have higher impacts because per quantity of output,
they have high energy and material consumption/us-
age along with more waste and emissions. Thus,
industrial processes outclass lab- or pilot-scale pro-
cesses in terms of environmental impacts. Addition-
ally, when possible, monolithic integration should be
adopted for the circuit components in additive man-
ufacturing of printed electronics as it leads to the use
of lower material quantities. Finally, novel compon-
ent designs, processes, and tools (machines) should
be developed to minimize manual steps in the man-
ufacturing of components and systems for printed
electronics.
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Larsen C, Lundberg P, Tang S, Ràfols-Ribé J, Sandström A, Mattias
Lindh E, Wang J and Edman L 2021 A tool for identifying
green solvents for printed electronics Nat. Commun. 12 1–7

LEITAT 2018 Greensense Project: Sustainable Nanocellulose DoA
Biosensing Platform (available at: www.greensense-project.
eu/)

Li W, Liu Q, Zhang Y, Li C, He Z, Choy W C H, Low P J, Sonar P
and Kyaw A K K 2020 Biodegradable materials and green
processing for green electronics Adv. Mater. 32 2001591

Liu J, Yang C, Wu H, Lin Z, Zhang Z, Wang R, Li B, Kang F, Shi L
and Wong C P 2014 Future paper based printed circuit
boards for green electronics: fabrication and life cycle
assessment Energy Environ. Sci. 7 3674–82

Lupton R C and Allwood J M 2017 Hybrid Sankey diagrams:
visual analysis of multidimensional data for understanding
resource use Resour. Conserv. Recycl. 124 141–51

Majee S, Karlsson M C F, Wojcik P J, Sawatdee A, Mulla M Y,
Alvi N U H, Dyreklev P, Beni V and Nilsson D 2021 Author
correction: low temperature chemical sintering of
inkjet-printed Zn nanoparticles for highly conductive
flexible electronic components npj Flex. Electron. 5 1–8

Manjunatheshwara K J and Vinodh S 2021 Sustainable electronics
product design and manufacturing: state of art review
Int. J. Sustain. Eng. 14 541–51

Maranghi S, Parisi M L, Basosi R and Sinicropi A 2020 LCA as a
support tool for the evaluation of industrial scale-up Life
Cycle Assessment in the Chemical Product Chain: Challenges,
Methodological Approaches and Applications (Cham:
Springer International Publishing) pp 125–43

Melodea 2022 Technology—Melodea (available at: https://
melodea.eu/technology/)

12

https://doi.org/10.1016/j.jclepro.2019.04.276
https://doi.org/10.1016/j.jclepro.2019.04.276
https://doi.org/10.1088/2058-8585/abf986
https://doi.org/10.1088/2058-8585/abf986
https://doi.org/10.5772/61899
https://doi.org/10.1088/2058-8585/ac3ddb
https://doi.org/10.1088/2058-8585/ac3ddb
https://clevercarbon.io/carbon-footprint-of-common-items/
https://clevercarbon.io/carbon-footprint-of-common-items/
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1016/J.SCITOTENV.2018.12.194
https://doi.org/10.1016/J.SCITOTENV.2018.12.194
https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.htm
https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.htm
https://ec.europa.eu/environment/eussd/smgp/pdf/EF.simple.guide_v7_clen.pdf
https://ec.europa.eu/environment/eussd/smgp/pdf/EF.simple.guide_v7_clen.pdf
https://www.jrc.ec.europa.eu/
https://www.jrc.ec.europa.eu/
https://doi.org/10.1038/s41598-020-65698-3
https://doi.org/10.1038/s41598-020-65698-3
https://doi.org/10.1039/C8TA07246A
https://doi.org/10.1039/C8TA07246A
https://www.genesink.com/smartink/
https://doi.org/10.1021/acssuschemeng.1c02348
https://doi.org/10.1021/acssuschemeng.1c02348
https://doi.org/10.1007/s00170-021-07640-zï
https://doi.org/10.1007/s00170-021-07640-zï
https://doi.org/10.1016/J.EURPOLYMJ.2007.05.038
https://doi.org/10.1016/J.EURPOLYMJ.2007.05.038
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1016/j.resconrec.2022.106661
https://doi.org/10.1016/j.resconrec.2022.106661
https://doi.org/10.3390/APP11072993
https://doi.org/10.3390/APP11072993
https://doi.org/10.1016/j.jclepro.2019.03.171
https://doi.org/10.1016/j.jclepro.2019.03.171
https://environment-analyst.com/global/107463/expert-opinion-avoiding-carbon-tunnel-vision
https://environment-analyst.com/global/107463/expert-opinion-avoiding-carbon-tunnel-vision
https://doi.org/10.1007/s11367-012-0491-y
https://doi.org/10.1007/s11367-012-0491-y
https://doi.org/10.1021/acsbiomaterials.6b00088
https://doi.org/10.1021/acsbiomaterials.6b00088
https://doi.org/10.1111/jiec.12520
https://doi.org/10.1111/jiec.12520
https://doi.org/10.1016/j.proeng.2012.01.891
https://doi.org/10.1016/j.proeng.2012.01.891
https://doi.org/10.1533/9780857096333.3.352
https://doi.org/10.1007/s11367-016-1233-3
https://doi.org/10.1007/s11367-016-1233-3
https://doi.org/10.1007/s13762-021-03388-x
https://doi.org/10.1007/s13762-021-03388-x
https://doi.org/10.1016/j.jclepro.2008.11.020
https://doi.org/10.1016/j.jclepro.2008.11.020
https://doi.org/10.1038/s41467-021-24761-x
https://doi.org/10.1038/s41467-021-24761-x
https://www.greensense-project.eu/
https://www.greensense-project.eu/
https://doi.org/10.1002/adma.202001591
https://doi.org/10.1002/adma.202001591
https://doi.org/10.1039/c4ee01995d
https://doi.org/10.1039/c4ee01995d
https://doi.org/10.1016/J.RESCONREC.2017.05.002
https://doi.org/10.1016/J.RESCONREC.2017.05.002
https://doi.org/10.1038/s41528-021-00129-5
https://doi.org/10.1038/s41528-021-00129-5
https://doi.org/10.1080/19397038.2021.1900448
https://doi.org/10.1080/19397038.2021.1900448
https://doi.org/10.1007/978-3-030-34424-5_6
https://melodea.eu/technology/
https://melodea.eu/technology/


Flex. Print. Electron. 8 (2023) 015002 A Sudheshwar et al

Moreau N, Pirson T, Le Brun G, Delhaye T, Sandu G, Paris A,
Bol D and Raskin J P 2021 Could unsustainable electronics
support sustainability? Sustainability 13 6541

Mutel C 2017 Brightway: an open source framework for life cycle
assessment J. Open Source Softw. 2 236

Naderi A, Lindström T and Sundström J 2015 Repeated
homogenization, a route for decreasing the energy
consumption in the manufacturing process of
carboxymethylated nanofibrillated cellulose? Cellulose
22 1147–57

Nassajfar M N, Deviatkin I, Leminen V and Horttanainen M 2021
Alternative materials for printed circuit board production:
an environmental perspective Sustainability 13 12126

Pääkko M et al 2007 Enzymatic hydrolysis combined with
mechanical shearing and high-pressure homogenization for
nanoscale cellulose fibrils and strong gels Biomacromolecules
8 1934–41

Petersen S 2017 Biofunctionalization BioNanoMaterials
18 20170007

Piccinno F, Hischier R, Seeger S and Som C 2016 From laboratory
to industrial scale: a scale-up framework for chemical
processes in life cycle assessment studies J. Clean. Prod.
135 1085–97

Roselli L, Mariotti C, Mezzanotte P, Alimenti F, Orecchini G,
Virili M and Carvalho N B 2015 Review of the present
technologies concurrently contributing to the
implementation of the internet of things (IoT) paradigm:
RFID, green electronics, WPT and energy harvesting 2015
IEEE Topical Conf. on Wireless Sensors and Sensor Networks,
WiSNet 2015 pp 1–3

Rosén T, He H R, Wang R, Zhan C, Chodankar S, Fall A, Aulin C,
Larsson P T, Lindström T and Hsiao B S 2020 Cross-sections
of nanocellulose from wood analyzed by quantized
polydispersity of elementary microfibrils ACS Nano
14 16743–54

Schmidt J H and Pizzol M 2014 Critical Review of Four
Comparative Life Cycle Assessments of Printed and Electronic
Communication (available at: https://lca-net.com/files/
Review_of_four_LCAs_on_printed_versus_electronic_
media.pdf)

Sharma M, Aguado R, Murtinho D, Valente A J M, Mendes De
Sousa A P and Ferreira P J T 2020 A review on cationic
starch and nanocellulose as paper coating components
Int. J. Biol. Macromol. 162 578–98

Shibasaki M, Fischer M and Barthel L 2007 Effects on life cycle
assessment—scale up of processes Advances in Life Cycle

Engineering for Sustainable Manufacturing Businesses—Proc.
14th CIRP Conf. on Life Cycle Engineering pp 377–81

Steubing B, de Koning D, Haas A and Mutel C L 2020 The activity
browser—an open source LCA software building on top of
the brightway framework Softw. Impacts 3 100012

Sudheshwar A, Malinverno N, Hischier R, Nowack B and Som C
2023 The need for design-for-recycling of paper-based
printed electronics—a prospective comparison with
printed circuit boards Resour. Conserv. Recycl.
189 106757

Tao J et al 2017 Super-clear nanopaper from agro-industrial
waste for green electronics Adv. Electron. Mater.
3 1600539

Välimäki M K, Sokka L I, Peltola H B, Ihme S S, Rokkonen T M J,
Kurkela T J, Ollila J T, Korhonen A T and Hast J T 2020
Printed and hybrid integrated electronics using bio-based
and recycled materials—increasing sustainability with
greener materials and technologies Int. J. Adv. Manuf.
Technol. 111 325–39

Wågberg L, Decher G, Norgren M, Lindström T, Ankerfors M and
Axnäs K 2008 The build-up of polyelectrolyte multilayers of
microfibrillated cellulose and cationic polyelectrolytes
Langmuir 24 784–95

Wan Q, Kanth R K, Yang G, Chen Q and Zheng L 2015
Environmental impacts analysis for inkjet printed
paper-based bio-patch J. Multidiscip. Eng. Sci. Technol.
2 837–42 (available at: www.jmest.org)

Wan Q, Zou Z and Zheng L 2017 Life cycle assessment of
polyamide printed interconnections for ECG monitoring
Eur. J. Eng. Res. Sci. 2 65

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E and
Weidema B 2016 The ecoinvent database version 3 (part I):
overview and methodology Int. J. Life Cycle Assess.
21 1218–30

Wiklund J, Karakoç A, Palko T, Yigitler H, Ruttik K, Jäntti R and
Paltakari J 2021 A review on printed electronics: fabrication
methods, inks, substrates, applications and environmental
impacts J. Manuf. Mater. Process. 5 89

Yang C, Lin W, Li Z, Zhang R, Wen H, Gao B, Chen G, Gao P,
Yuen MM F and Wong C P 2011 Water-based isotropically
conductive adhesives: towards green and low-cost flexible
electronics Adv. Funct. Mater. 21 4582–8

Zheng L-R, Tenhunen H and Zou Z 2018 Life cycle assessment
(LCA) for printed electronics Smart Electronic Systems
(Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA)
pp 243–67

13

https://doi.org/10.3390/SU13126541
https://doi.org/10.3390/SU13126541
https://doi.org/10.21105/joss.00236
https://doi.org/10.21105/joss.00236
https://doi.org/10.1007/s10570-015-0576-4
https://doi.org/10.1007/s10570-015-0576-4
https://doi.org/10.3390/su132112126
https://doi.org/10.3390/su132112126
https://doi.org/10.1021/bm061215p
https://doi.org/10.1021/bm061215p
https://doi.org/10.1515/bnm-2017-0007
https://doi.org/10.1515/bnm-2017-0007
https://doi.org/10.1016/J.JCLEPRO.2016.06.164
https://doi.org/10.1016/J.JCLEPRO.2016.06.164
https://doi.org/10.1109/WISNET.2015.7127402
https://doi.org/10.1021/ACSNANO.0C04570/SUPPL_FILE/NN0C04570_SI_001.MP4
https://doi.org/10.1021/ACSNANO.0C04570/SUPPL_FILE/NN0C04570_SI_001.MP4
https://lca-net.com/files/Review_of_four_LCAs_on_printed_versus_electronic_media.pdf
https://lca-net.com/files/Review_of_four_LCAs_on_printed_versus_electronic_media.pdf
https://lca-net.com/files/Review_of_four_LCAs_on_printed_versus_electronic_media.pdf
https://doi.org/10.1016/J.IJBIOMAC.2020.06.131
https://doi.org/10.1016/J.IJBIOMAC.2020.06.131
https://doi.org/10.1007/978-1-84628-935-4_65
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1016/j.simpa.2019.100012
https://doi.org/10.1016/j.resconrec.2022.106757
https://doi.org/10.1016/j.resconrec.2022.106757
https://doi.org/10.1002/aelm.201600539
https://doi.org/10.1002/aelm.201600539
https://doi.org/10.1007/s00170-020-06029-8
https://doi.org/10.1007/s00170-020-06029-8
https://doi.org/10.1021/la702481v
https://doi.org/10.1021/la702481v
https://www.jmest.org
https://doi.org/10.24018/ejers.2017.2.6.382
https://doi.org/10.24018/ejers.2017.2.6.382
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.3390/jmmp5030089
https://doi.org/10.3390/jmmp5030089
https://doi.org/10.1002/adfm.201101433
https://doi.org/10.1002/adfm.201101433
https://doi.org/10.1002/9783527691685.ch10

	Assessing sustainability hotspots in the production of paper-based printed electronics
	1. Introduction
	1.1. Background
	1.2. GREENSENSE
	1.3. An early-stage sustainability assessment

	2. METHODS
	2.1. Production model for GREENSENSE
	2.1.1. Circuit printing
	2.1.2. Component mounting
	2.1.3. Biofunctionalization

	2.2. LCA
	2.2.1. Goal and scope definition
	2.2.2. Modeling the LCI
	2.2.3. Impact assessment

	2.3. Sustainability hotspot analysis

	3. Results
	3.1. Impacts from individual components and processes
	3.2. Impact contributions and sustainability hotspots

	4. Discussions
	4.1. Key hotspots
	4.1.1. Material hotspots
	4.1.2. Process hotspots

	4.2. Limitations

	5. Recommendations
	References




