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ARTICLE INFO ABSTRACT

Handling Editor: Panos Seferlis Graphene transparent electrode (GTE) has been attracting much attention due to fascinating physical properties.

However, the extensive deployment of copper foil within GTE production has imparted substantial environ-

Keywords: mental burden. This paper is a cradle-to-gate life cycle assessment (LCA) study to investigate the environmental
Environmental performance impacts of roll-to-roll produced chemical vapor deposition (CVD) GTE and the environmental potential of
Up"sce_ﬂe . recycling copper foil for cleaner production. Four production scenarios are developed to promote the lab-to-fab
Chemical vapor deposition . . L . L . . .

Electrode progress, including lab scenario, industry baseline scenario, industry recycling scenario and microwave plasma
Recycling chemical CVD scenario. The functional unit is set as 1 m? of the GTE production and the life cycle inventories of

different scenarios are explored. Results show that the copper foil is a major contributor in baseline scenario in
the category of primary energy consumption and global warming. The impacts of GTE production in industry
recycling scenario vary from 0.01 to 0.18 of the values in industry baseline scenario. Therefore, copper foil
recycling shows environmental potential for GTE production. If all building integrated photovoltaics transition to
employing perovskite solar cells with GTE produced in copper recycling scenario, the potential reduction in COy
emissions is estimated at 141.2 million kilograms per year. The findings serve as a roadmap for the industry,
highlighting key areas where improvements can be made to upscale production while minimizing environmental
impact. This paper provides insights into the major environmental contributors in the GTE production, guiding
the upscaling routes for cleaner GTE production in the future.

1. Introduction

The discovery of graphene is a ground-breaking progress for the
world due to its unique electrical properties and high strength (Novo-
selov et al., 2004). Graphene provides more possibilities for the devel-
opment of the material field, especially as graphene transparent
electrodes (GTE) of flexible solar cells (Chen et al., 2019). Now, Indium
Tin Oxide (ITO) is the most successful front transparent electrodes
because of its high transparency and low resistance (Arvidsson et al.,
2016). Nevertheless, Indium is a scarce material, which is not enough to
produce solar cells at a terawatt level (Kim et al., 2022; Li et al., 2023; Li
and Zanelli, 2021). As a result, mass produces solar cells need to find
other solutions. Additionally, the cumulative energy requirement of ITO
material and production accounts for a big share of solar cell production
(Espinosa et al., 2011). Graphene with the same properties is a prom-
ising substitute for ITO. Flexible organic solar cells and flexible perov-
skite solar cells using the GTE exhibit a high power conversion

* Corresponding author.
E-mail address: qingxiang.li@polimi.it (Q. Li).

https://doi.org/10.1016/j.jclepro.2024.143068

efficiency, reaching 15.2% and 16.8%, respectively (Koo et al., 2020;
Yoon et al., 2017). Bae et al. incorporated GTE into a fully functional
touch-screen panel device that can withstand high strain (Bae et al.,
2010). These research results all show that GTE has a vast potential for
replacing ITO in the near future.

Chemical vapor deposition (CVD) on copper foil is the most reliable
method for graphene production (Zhang et al., 2020). Due to its prom-
inent controllability, superior uniformity, and satisfactory scalability,
CVD can grow graphene with high quality and large area on flexible
substrates (Xin and Li, 2018). CVD has two main technology routes,
thermal chemical vapor deposition (TCVD) and microwave plasma
chemical vapor deposition (MPCVD). With the successful achievement
of graphene production by CVD method in the research, requirements of
commercial applications with a high-throughput production method at
large scale and low cost become the focus. Meanwhile, CVD is also an
energy-intensive process, which means that high cumulative energy for
graphene production is required (Kushnir and Sanden, 2008).
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It was shown that the direct energy use for the production of gra-
phene foils in the baseline scenario based on theorical calculation is 22
kJ/cm?, which is lower compared to 44 kJ/cm? in the ITO baseline
(Arvidsson et al., 2016). However, in the given sensitivity analysis, the
direct energy use is 160 kJ/cm? in high scenario, which is further higher
than that of ITO production in high scenario. Furthermore, Cossutta
et al. (2017) presented that the primary energy consumption ranges
from 1.7 kJ/cm? in continuous fab-scale production to 199 kJ/cm? in
batch lab-scale production with a different carbon source. In the dec-
arbonized energy production scenario, the global warm potential of
graphene production can be decreased from 8.91*107° kg COeq/g to
4.39*10"* kg COseq/g in different CVD routes. These results all show
that the production route and scale are essential for the control of the
environmental performance in the production.

Therefore, substantial effort of researchers is being devoted to un-
derstanding how to translate the lab-scale graphene production to cost-
effective and energy-effective production that is suitable for commer-
cialization. The roll-to-roll (R2R) method has emerged to achieve mass
rapid continuous production with low primary energy requirement.
Several laboratory R2R systems for graphene production have been
proposed in the academic literature. As for TCVD method, Bae et al.
firstly provided a roll-to-roll method being capable of producing pre-
dominantly monolayer 30-inch graphene films with sheet resistances of
125 Q/sq and optical transmittance of 97.4% (Bae et al., 2010). Then, a
concentric tube system for R2R TCVD production was presented, which
employed a bench-scale prototype machine to fabricate graphene at
varying speeds (Polsen et al., 2015). After many improvements being
made, a scalable route was proposed for the rapid and continuous pro-
duction of large-area graphene by a multizone R2R TCVD reactor
(Kidambi et al., 2018). As for MWPCVD method, a R2R system was
established, which is promising to produce continuous and large area
graphene films (Yamada et al.,, 2012, 2013). In this system, heating
graphene by microwave plasma replaces the TCVD heating method,
decreasing the required graphene growth temperature from 1000 °C to
less than 400 °C. TCVD method and MWPCVD method use the same
theory to produce the graphene electrode. But MWPCVD employs mi-
crowave plasma to enhance the decomposition of precursor gases,
allowing for lower temperatures and shorter processing times compared
to TCVD. TCVD typically operates at higher temperatures, usually above
900 °C, to facilitate the decomposition of precursors. MWPCVD operates
at lower temperatures, often below 700 °C, due to the efficient energy
transfer from microwave plasma, which reduces thermal stress on
substrates.

Simultaneously, copper foil, serving as a catalyst, stands as the pre-
vailing substrate used for the synthesis of GTE (Pizzocchero et al., 2022).
The extensive deployment of copper foil within GTE manufacturing has
engendered notable ecological ramifications, thus imparting substantial
environmental burden and financial outlay. This predicament pro-
foundly intersects with the overarching goal of attaining sustainable
production practices. To address this exigency, R2R production emerges
as a pivotal mechanism, poised to effectuate the large-scale recycling of
copper foil within industrial settings (Wang et al., 2011).

Life cycle assessment (LCA) offers a comprehensive method for
evaluating the environmental impacts associated with every stage of a
product’s life cycle (Long et al., 2023). By scrutinizing materials and
manufacturing processes involved in production, LCA delineates each
contributor’s share in various environmental profiles. Widely utilized,
LCA has been instrumental in assessing the environmental performance
of various solar cell components (Li et al., 2022). In prior LCA studies on
PV components, key indicators such as primary energy demand and
greenhouse gas (GHG) emissions have been commonly employed to
gauge the sustainability of graphene transparent electrode production
(Yuan et al., 2023). Arvidsson et al. (2016) evaluated the life cycle
resource demands associated with producing a graphene electrode area
via CVD and contrasted it with ITO production. Their assessment
focused on energy and scarce metals as key resources (Li et al., 2024a,
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2024b, 2024c, 2024d). The findings indicate that graphene layers may
exhibit lower life cycle energy consumption compared to ITO layers,
with a notable 3-10 times reduction observed in the best-case scenario.
Concerning the utilization of scarce metals, the study highlights that the
use of indium in ITO manufacturing presents more significant challenges
than the use of copper in graphene production. However, it suggests that
copper may pose a potential resource constraint in the distant future.
Cossutta et al. (2017) outlined a LCA examining three distinct graphene
production methods. Their cradle-to-gate LCA delved into the environ-
mental implications of these production processes. The findings under-
scored that nearly all processes witnessed environmental benefits with
scale-up activities. Among the routes explored, chemical oxidation fol-
lowed by thermal reduction emerged as the least environmentally im-
pactful material route. Chaosukho et al. (2024) undertook a
laboratory-scale optimization of perovskite solar cells, exploring gold
and carbon electrodes. Employing primary data, they conducted a
cradle-to-gate LCA. The analysis demonstrates that shifting from gold
electrodes to carbon electrodes, produced through a low-temperature
process, not only sustains comparable power conversion efficiency but
also improves stability. This transition leads to substantial reductions in
environmental impacts across all categories, notably an 86% decrease in
global warming potential per 1 kWh of energy generated.

From the above studies, LCA method is feasible for the environ-
mental performance assessment of electrodes. However, the R2R
manufacturing process as an emerging technology has never considered.
Moreover, it can be found that the benefits of copper recycling have
never been assessed. To demonstrate the environmental performance of
the production and environmental potential of copper recycling, con-
ducting a LCA study for the graphene production via R2R CVD method is
extremely urgent. We seek to propose a life cycle assessment for the
production of graphene and copper recycling, which is critical for the
beneficial use of graphene electrodes and provides the potential to
substitute for ITO electrodes to realize sustainable production.

In this work, a prospective LCA study is conducted to investigate the
environmental impacts of R2R produced CVD GTE and the environ-
mental potential of recycling copper foil for sustainable production. We
firstly extract and organize the process of TCVD lab scenario and
MWPCVD scenario from previous literature. Based on that, the TCVD
industry baseline scenario and recycling scenario are designed by this
work. A cradle-to-grave LCA for four scenarios mentioned above is
performed to investigate the environmental impacts. Primary energy
consumption and global warming are calculated, and 9 impact cate-
gories are investigated using CML-AI method. These results are not only
compared with existing transparent electrode technologies to place GTE
in the context of proven technologies, but also with those of graphene
production in previous literature to show the accuracy of the results.

This paper is organized as follows. Section 2 presents the procedure
of 4 graphene production routes with the material and equipment. In
section 3, the goal and scope definition, life cycle inventory and life
cycle impact categories are provided according to the standard pro-
cedure of an LCA. Section 4 investigates the life cycle impact assessment,
including CML-IA baseline, primary energy consumption and IPCC 2013
GWP 100a. The results are compared with those of previous work and
ITO production. Finally, insights are provided into the future of gra-
phene production.

2. Material and methods

In this section, the four production scenarios are introduced first.
Then, the LCA method and related data are provided in Section 2.2.

2.1. Production scenarios
This work considers four production scenarios, including TCVD lab,

TCVD industry baseline, TCVD industry recycling and MWPCVD.
TCVD lab scenario: is to produce the GTE by TCVD method in lab
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scale.

TCVD industry baseline scenario: is to produce the GTE by TCVD
method in industry scale but does not consider the recycling of the
materials (especially recycling copper foils).

TCVD industry recycling scenario: is to produce the GTE by TCVD
method in industry scale and considers the recycling of the materials.

MWPCVD scenario: is to produce the GTE by MWPCVD method in
industry scale.

This section only shows the production process in TCVD industry
baseline scenario, which we are developing based on our research and
the previous literature (Bae et al., 2010; Kidambi et al., 2018; Polsen
et al.,, 2015). Other scenarios are shown in the supplementary Infor-
mation. The TCVD industry scenario are shown in the Fig. 1 to give an
overall picture for the production process. The manufacturing of GTE
consists of the following 3 steps: preclean of copper foil, chemical vapor
deposition and transfer of graphene. For TCVD industry scenario, the
detailed process is provided as follows:

2.1.1. Step 1: preclean of copper foil

The width of every graphene foil line is set as 305 mm to match the
width of organic solar cell (Espinosa et al., 2011). The success of 30-inch
graphene films for transparent electrodes via R2R production proves the
feasibility of the width (Bae et al., 2010). Based on the production ex-
periences, there are three graphene electrodes processed simultaneously
in one production line (Espinosa et al., 2012). The processing length in
one oven is set as 10 m. The unwinder has a brake works to keep the
appropriate tension. It is known that the copper foil is covered by oxide
layers, requiring to be precleaned before the graphene synthesis. The
preclean of copper foil includes 3 steps.

1. Etch organic residues.
2. Rinse the impurities.
3. Dry the foil.

Copper Foil
Acetic Acid
Deionized Water
Nitrogen
Hydrogen

Oven
Methane
Graphene on Copper Foil
(2 Thermal Release Tape
Iron Nitrate

@ Substrate

Hot-roll Laminator

[@) Graphene on Substrate
Isopropanol-rinsed PVA
Tunnel furnace

B EISERIEIEEE]
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In the rapid mass fabrication, the processing should be continuous to
increase the efficiency and meet the requirement of follow-up processes.
The standstill processing for annealing and growing graphene is an
essential procedure. It is reasonable to set the processing speed of cur-
rent graphene production as 20 m/h slightly exceeding the speed 15 m/
h reported by (Polsen et al., 2015) 5 years ago. This speed also meets the
requirement of OPV manufacture whose processing speed is 18 m/h
(Espinosa et al., 2011).

2.1.2. Step 2: chemical vapor deposition process
The CVD process includes two steps:

1. Annealing of copper foil.
2. Graphene growth.

In the industrial production, there are two ovens each with a 10 m
heating line for annealing and graphene growth respectively, which is
set based on the testbed of Clean Energy Institute of UW(Zweibel, 2010).
Graphene lines are separated by the quartz panel to ensure the copper
foil can be heated evenly. The line is along the center of two quartz
panels. The quartz panels also create an enclosed path for Hy and CH4
passing through. The flow rate of Hy and CH4 is not changed as 0.2
cm/min and 0.6 cm/min. Recycling the mixed gas can reduce the raw
material, but currently there is no cost-effective and energy-effective
method to separate the mixed gas. Therefore, this work does not
consider the gas recycling.

2.1.3. Step 3: graphene transfer

After growth, the graphene layer grown on copper foil needs to be
transferred to the substrate. The transfer via R2R method is provided
with 5 steps:

1. Adhere to polymer supports.

Fig. 1. The TCVD industry baseline scenario is on the bottom of the figure; the transfer processes in TCVD recycling scenario is on the right top of the figure. Note
that this figure only shows processes influencing the environmental impacts of the graphene production, but not the specific processing details in practice.
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. Etch away copper.

. Rinse the impurities.

. Transfer printing to a target substrate.
. Remove the polymer supports.

g s~ wWwN

Because the production route has not been mature. This study makes
some reasonable assumption in the design and calculation. They are
listed as follows:

1. The speed of the conveyor does not lose in the whole production
process.

2. In the recycling scenario, the 95% of copper foil can be recycled.

3. The amounts of input Ny and deionized water are set based on the
experience in the lab.

4. The chemical reaction is assumed to be sufficient without any loss.
The uncertainty analysis is conducted to analyse the uncertainty
caused by the amount of the input material.

5. All devices are supported by electricity.

6. The purity of the input materials is same with the experimental
design.

2.2. Life cycle assessment

2.2.1. Goal and scope definition

Life Cycle Assessment (LCA) approach provides a highlighted foun-
dation for carrying out environmental impacts. This work conducts an
LCA study according to International Organization for Standardization
14040:2006 and 14044:2006 sections. Particularly, all data collected
and used are operated in SimaPro v.8.3 from Ecoinvent database v.3.8
and previous literatures.

The goal of this work is to assess a potential life cycle impacts for GTE
production via R2R CVD method. In this work, four production scenarios
of GTE production have been provided in the last section. The functional
unit is set as 1 m? of the GTE production. The scope of this LCA study is
shown in Fig. 2.

Raw material’s collection, fabrication, use and disposal are four main
parts in the life cycle of a product or process. Based on the ISO standard
indications, the determination of the system boundary is essential for the
assessment of the product or process (Li et al., 2020). This work is a
cradle-to-gate LCA and the inclusive processes have been shown in
Supplementary Information. As can be seen, raw material extraction and
graphene production are included in this work. The use stage is not
considered because there is little environmental impact while graphene
working in the electronic components. Due to research about graphene
disposal, the disposal is not considered, either. Moreover, the energy
requirement from transport of materials to the production plant is
neglected because it only accounts for a little share of the whole energy
requirement. This assumption is used in previous LCA research for
graphene production (Arvidsson et al., 2016; Cossutta et al., 2017).

The retrospective approach is taken to account for environmental
impacts in terms of the laboratory production, because the technology

Raw materials extraction
and production

l

Recycling

R2R CVD graphene processing

mmm) Material Input

|
|
|
I
I
I
I = = - Boundary
|
I
|
|
|
I
I

= 1. Preclean of copper foil Y Material === Energy Input
,|2- CVD process Reeveling 7> Material Output
== Graphene transfer — Ieie =) Energy Output
B e i e i e l. ________________ mm) Emission Output

Applied on devices P

Fig. 2. Scope of this LCA study.
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routes for graphene production have been certain (Zhu et al., 2019). As
for the industrial production, the processes are currently under devel-
opment with many uncertain factors, the prospective approach is taken
aiming at the evolution of system development over time. Furthermore,
this is a consequential LCA study due to the comparison of differences in
the production methods and scales.

2.2.2. Life cycle inventory analysis

Inventory analysis plays an important role in an LCA research. Based
on the mentioned system boundary, the LCI of every scenario is collected
into two categories: material inventory and energy inventory, shown in
supplementary information. As for the Ecoinvent dataset v.3.8, it was
released in 2021. This study uses the data collected in national scale of
European regions, shown as “RER” in the dataset. The database is a
comprehensive repository encompassing a wide range of sectors, con-
taining over 20,000 datasets that model various human activities and
processes.

In terms of material inventory, the amounts of raw materials and
emission during production per functional unit are included. The func-
tional unit is set as 1 m? of the GTE production. In the mass production,
it is not easy to directly get the results for 1 m?. For convenience, the
embodied energy of 10 m processing graphene is firstly calculated in
TCVD lab scenario, TCVD industry baseline scenario and MWPCVD
scenario. In terms of TCVD industry recycling scenario, 20 m processing
graphene is calculated firstly because of the processing length in one
oven. Then, the results will be calculated to show functional unit
amounts. The material inventory of 1 m? GTE production is exhibited in
Table 1 and Table 2. The specific process of data acquisition and esti-
mation is shown in section S5.

We use 3 steps to show the allocation. The first step is to define the
scope of the LCA study shown in Fig. 2. Next, the flows of the production
in the four scenarios are shown in Figs. S1, S2, S3, and S4. In the pro-
duction flow, the input and output materials and production conditions
can be found. And then, Tables 1 and 2 clearly show the input and output
materials and electricity consumption of 1 m? GTE production. In this
way, the allocation is shown in the paper.

2.2.3. Life cycle impact assessment

Life cycle impact assessment is the approach to convert LCI data to

Table 1
Material inventory for 1m" GTE production in four scenarios.

Material TCVD TCVD TCVD MWPCVD Unit
lab industry recycling

Step 1: Preclean of copper foil

Cu (36 pm) * 322,56 295.7 g

Cu (25 pm) * 224.00 0.23 g

Ny ¢ 68.90 40.98 40.98 70.86 g

CH3COOH * 0.31 0.21 0.22 0.28 g

Deionized 130 130 130 130 g
water ”

Step 2: Chemical vapor deposition

H, ¢ 0.53 0.01 0.005 0.05 g

CH,4 ¢ 67.48 0.28 0.14 0.41 g

Step 3: Graphene transfer

Fe(NO3)3 * 2456.10 1705.60 2251.4 g

Polyester * 138 138 138 g

Acrylic * 1 1 1 m?

Deionized 130 130 130 130 g
water "

PVA* 31.2 g

Emission

CO, * 16.52 16.52 16.52

CoHy ? 12.98 12.98 12.98 g

*The data is collected from different sources.
@ - theoretical calculation.
b _ estimates.

¢ - actual measurements.
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Table 2
Electricity consumptions during R2R processing of 1m” GTE production in four
scenarios.

TCVD lab TCVD TCVD
industry recycling

Processing MWPCVD  Unit

Step 1: Preclean of copper foil

Delivery * 755.9 983.6 491.8 81.6 Wh

Step 2: Chemical vapor deposition

Oven *" 680315.0 7082.0 3541.0 Wh

Flow controller * 15307.1 4.5 2.3 18.4 Wh

Pressure 6866.1 19.7 9.9 Wh
controller *

Microwave 16320 Wh
generator *

Rotary pump * 122.4 Wh

Step 3: Graphene transfer

Laminator * 7086.6 29.5 49.20 153.0 Wh

Unwinder * 944.9 36.7 Wh

Tunnel furnace 29.5 Wh

Total 711269.3 8119.0 4124 16737.4 Wh

*The data is collected from different sources.
2  theoretical calculation.
b _ estimates.
¢ - actual measurements.

several indicators, aiming at evaluating the contributors of material and
energy consumption to a set of potential environmental impacts. In this
work, CML-IA baseline method, primary energy demand and IPCC 2013
GWP 100a are applied to show the environmental profile of GTE pro-
duction by R2R CVD method.

CML-IA baseline method introduces a serious of impact categories for
the evaluation of the environmental impacts. This paper analyses 9
impact categories by this method, including abiotic depletion (AD),
ozone layer depletion (OLD), human toxicity (HT), fresh water aquatic
ecotox (FWAE), marine aquatic ecotoxicity (MAE), terrestrial ecotox-
icity (TE), photochemical oxidation (PO), acidification (AC) and eutro-
phication (EU). The CML-IA baseline refers to a LCA methodology
proposed by Leiden University. This methodology adopts a problem-
oriented midpoint approach and offers a comprehensive list of impact
assessments for mandatory impact categories commonly utilized in
LCAs. The baseline indicators are recommended for streamlined studies,
facilitating simplified assessments of environmental impacts. As a result,
the CML-IA baseline method stands out as one of the optimal choices for
evaluating the environmental impacts associated with various life pha-
ses. This method offers aggregated results, providing a comprehensive
overview of environmental impacts across different stages, thereby
facilitating the upscaling details of the production.

Primary energy consumption and global warming are two most
remarkable environmental consequences. Primary energy consumption
refers to the supply or direct use at the source of energy that has not been
transformed or converted to any forms of secondary energy. The global
warming is the total greenhouse gas emissions that are generated by the
production. The investigation of global warming is based on IPCC with a
timeframe of 100 years. They are two common environment indicators
to directly show the energy consumption and greenhouse gas emissions,
which researchers concern most. Both primary energy consumption and
global warming potential enable comparisons between production by
different methods and different production scales. By using these in-
dicators, researchers can identify opportunities for finding a more suit-
able production route to reduce environmental impacts associated with
graphene electrode production.

In this work, both thermal energy share and electrical energy share in
the production of GTE are transformed to the equivalent primary energy
consumption at the final-result stage. The conversion efficiency is
referred to the technology mix of the electricity supply system that is
variable between different period and different regions, even in one
country. In this work, the electricity is the average electricity mix in
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Europe. In terms of thermal energy consumption, the heat is supported
from an industrial natural-gas plant. The heat conversion coefficient and
electricity conversion coefficient are 2.38 MJ primary energy/MJ heat
and 7.92 MJ primary energy/kW h electricity, respectively.

2.2.4. Uncertainty and sensitivity analysis

It is obvious that the accuracies of LCA results are fully influenced by
the input parameters, however, whose reliability are not enough. In
terms of primary energy consumption and global warming results, there
must be fluctuations since the technologies are not sufficiently mature
and have not reached industrial manufacture. Moreover, it is a signifi-
cant challenge to get accurate input materials which are estimated based
on previous research experience. As a result, this work uses the proba-
bility distribution to the mentioned input material amounts from the
experience of previous researches. And how much these uncertain pa-
rameters can influence on the primary energy consumption and global
warming will also be explored in the simulation software Simapro.
Except insolation, the distributions of other parameters all follow the
lognormal distribution. And insolation follows a normal distribution.
This work sets 500000 trials for the Monte Carlo simulation. Sensitivity
analyses for the simulation results are also conducted to identify the
influence extent of input materials on the environmental performance in
the production.

3. Results
3.1. Primary energy consumption and global warming

Among the impact categories, primary energy consumption and
global warming attract enormous attention in the LCA study of GTE.
According to the LCIs abstracted in the last section, their results with the
contribution share of every material and processing step are calculated
and shown in Fig. 3 (a) and (b), respectively. In the figures, other ma-
terials include acetic acid, nitrogen, deionized water, hydrogen and
methane. This work makes some assumption about the amount of acetic
acid, nitrogen and deionized water that are uncertain. Fig. 3 (a) and (b)
show that these three materials have little influence on the primary
energy consumption and global warming. Therefore, the results of this
work are reliable.

As can be seen in Fig. 3 (a) and (b), no matter whether primary en-
ergy consumption and global warming, the impacts of GTE in lab-scale
production via the R2R TCVD method are obviously higher than those in
industrial production. In TCVD lab scenario, the electricity consumption
of step 2 is the most important contributor to both impact indicators
because of low utilization efficiency of the oven. The oven with 1200 W
working power can only produce 63.5 m? graphene in 1 h, resulting in
that the share of direct process energy in step 2 accounts for 93.49%
(1564.4 MJ) and 78.96% (43.8 kg COz-eq) in terms of primary energy
consumption and global warming, respectively. When looking at the
share of the primary energy used for materials, the biggest share iron
nitrate is responsible for only 2.38% (39.3 MJ) of the entire energy,
followed by the copper foil and the thermal release tape, 1.85% (30.5
MJ) and 0.98% (16.2 MJ), respectively. The global warming shows a
similar distribution as primary energy consumption. Therefore, in lab-
scale, while comparing the impacts related to the electricity and the
impacts related to materials, one can conclude that the latter can be
rather negligible in the lab-scale production.

While employing one production method (TCVD), it is distinct that
the scaled-up production from lab to fab saves the processing electricity
consumption remarkably, reducing embedded primary energy from
1564.4 MJ down to 17.9 MJ in baseline scenario and to 9.1 MJ in
recycling scenario. In terms of material inventory, iron nitrate domi-
nates the two impacts while using the thermal release tape for graphene
transfer. The reason for a big share residing in the iron nitrate is because
nitric acid as its production raw material shows unfavourable environ-
mental performance. Furthermore, the copper foil is also a major



Q. Lietal

a 16483

o 1409 |

g | - 122.5

S5 =1 117.0

S 120

S

=]

.S 100

=

o,

£

S 80+

a

(=}

O 60

el

=11

3

2 404

L;J B

>

3 204 16.1

g

& o _ === ,
TCVD-1 TCVD-2 TCVD-3 MWPCVD ITO

Material: JSN ITO powder RSN Copper S\ Iron Nitrate B8 TRT BB PVA 30\ Other materials

Journal of Cleaner Production 468 (2024) 143068

548

Y

Global Warming (kg COz-eq/mz)

10.8

A\

MWPCVD ITO

Step2 [ Step 1

7

\\

%

3.6

1

0.6

=

TCVD-1 TCVD-2 TCVD-3

Process: Sputtering Step 3

Fig. 3. (a) Distributions of the primary energy consumption for graphene production. (b) distributions of the global warming for graphene production.

contributor, whose primary energy consumption share is over 25% in
graphene baseline scenario. It means the transfer method using thermal
release tape is a block to decrease the energy consumption and GHG
emission. As the substitute, the transfer method with PVA and laminator
really has a considerably positive environmental effect because of iron
nitrate free and copper foil recycled. Finally, it is noticed that the GTE in
the recycling scenario consumes and emits only approximately 1% of the
primary energy and GHG embedded in GTE produced in laboratory. It
shows that the improvement of production procedure makes an
extraordinary achievement.

From the results, it is also found that recycling copper foil shows
environmental benefits in terms of primary energy consumption and
global warming. In the recycling scenario, 66.6 MJ primary energy can
be saved compared to the industrial baseline scenario. The primary
energy consumption in the recycling scenario is only 19.5% of the in-
dustrial baseline scenario. In terms of global warming, it is low to 0.7 kg
CO9-eq by copper recycling and processing optimization. Although, the
CO4-eq emission of 1 m? ITO production is only 3.6 kg. The GTE pro-
duction in the recycling scenario is only 19.4% of ITO production. The
market analysis conducted indicates a significant milestone for the
global photovoltaic sector in 2022, wherein the cumulative deployment
of Building Integrated Photovoltaic applications reached an unprece-
dented 80 GW. If the power conversion efficiency of the PV panel is 20%.
It means a 200 W PV panel requires 1 m? electrode. Using 1 m? GTE as
alternative of ITO can save 3.6 kg COz-eq emission. Should all BIPV
systems transition to employing perovskite solar cells integrated with
GTE, the potential reduction in CO5 emissions is estimated at 141.2
million kg.

As for MWPCVD scenario, its value of primary energy consumption
and GHG emission are at the same level as those in TCVD baseline
scenario. Furthermore, it is obvious that GTE produced by MWPCVD
method and by TCVD method in baseline scenario have the same dis-
tributions in the results of global warming and primary energy con-
sumption. Actually, using the mentioned two production methods with
the same transfer method, not only are these two impact indicators the
same, but other impacts also have the identical distributions. The reason
is that different production methods in same scale consume the same
raw materials with the similar percentage and the energy supply is only
electricity.

As comparison, the results of ITO transparent electrode are also
calculated and provided on the right. The primary energy consumption
of industrial-scale GTE production is also lower than that of ITO trans-
parent electrode, though, the LCIs of which is very conservative. In
contrast, with respect to the GHG emission in production, ITO trans-
parent electrode only shows a worse performance than GTE in low

energy scenario but has a better performance than other three scenarios.
3.2. CML-IA baseline

Fig. 4 displays comparison of the environmental impacts of ITO
transparent electrode to graphene counterparts in different scenarios on
a unit area production basis. As expected, lab-scale GTE production in
the TCVD method has the highest impacts overall, which are at least 13
times than those of ITO transparent electrode.

Nevertheless, GTE produced by MWPCVD method and by TCVD
method in baseline scenario also have further higher impacts, except for
abiotic depletion and ozone layer depletion. In Fig. 4 (c¢) and (e), it can
be found that the copper foil shows great influence, contributing more
than 90% to human toxicity, fresh water aquatic ecotox, marine aquatic
ecotoxicity and terrestrial ecotoxicity. More than 70% share of acidifi-
cation and eutrophication are because of copper foil. Because the mining
and processing of primary copper is an energy-intensive industry with
large volumes of pollution and waste. The smelting process also creates a
mass of low concentration sulphur dioxide, leading to the increase of
these impacts. So, the copper recycling framework within the TCVD
industry assumes pivotal significance in advancing the principles of
sustainable GTE production. A salient focal point resides in the recycling
of copper foil. From the results of recycling scenario, the process of
copper foil recycling yields substantial potential to markedly diminish
the overarching environmental footprint attributed to GTE
manufacturing. Copper mining and processing operations can have
significant water usage and can lead to water pollution through the
discharge of mine tailings and wastewater. By recycling copper, the
demand for water in the copper production process is reduced,
contributing to water conservation efforts and reducing the potential for
water pollution. Therefore, it can be found that Fresh water aquatic
ecotox and Marine aquatic ecotoxicity show a sharp reduction in the
recycling scenario. Mining activities associated with copper extraction
can cause environmental degradation, including soil erosion, defores-
tation, and habitat destruction. Recycling copper reduces the demand
for new copper production, thereby mitigating these environmental
impacts and helping to preserve ecosystems. So, environmental perfor-
mance in other indicators of CML-IA baseline shows a far improvement.

The main contribution to photochemical oxidation comes from the
output of the production. The direct emission in production is CoHy
emitting to the atmosphere during the tape thermal releasing process,
which forms organic emission impacting the environment. Abiotic
depletion (fossil fuels) and ozone layer depletion are impacted most by
iron nitrate with approximately 40% share and 50% share, respectively.
The use of nitric acid to synthesize iron nitrate is mainly responsible for
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Fig. 4. Environmental impacts of 1 m? GTE by CML-IA methodology. (a) Comparison of the environmental impacts of ITO to graphene produced in different
scenarios. Yellow coding means that the impact of graphene per m? is similar to that of ITO, which is the reference case. Values coded green indicate better per-
formance, while orange and red indicate worse performance. The actual values of the ITO environmental impacts are shown in the right column. (b) Environmental
impacts of 1 m? GTE in TCVD lab scenario. (¢) Environmental impacts of 1 m? GTE in TCVD industry baseline scenario. (d) Environmental impacts of 1 m? GTE in
TCVD industry recycling scenario. e. Environmental impacts of 1 m? GTE in MWPCVD scenario. (For interpretation of the references to colour in this figure legend,
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the high impacts. Also, the abiotic depletion (fossil fuels) and ozone
layer depletion scores are influenced by the use of copper foil, thermal
release tape and electricity consumption, which contribute more than
10%. Comparing these two methods, TCVD baseline scenario shows a
slightly better performance in environment impacts than MWPCVD
scenario due to less electricity consumption.

Because the adjusting of graphene transfer process excludes the ef-
fects of copper foil, thermal release tape and CoH,4 emission, the GTE
recycling scenario shows an extremely remarkable improvement in
terms of environmental impacts. The impacts of graphene recycling
scenario vary from 0.02 to 0.22 of the ITO reference values. Also, the
impacts of GTE production in industry recycling scenario vary from 0.01
to 0.18 of the values in industry baseline scenario. This indicates the
extremely low environmental impacts from this new graphene transfer
process with only laminators and PVA. Future effort should be made in
promoting the large-scale application of this process replacing the use of
thermal release tape and PMMA. The environmental impacts associated
with individual processing steps can be determined by assessing the
electricity consumption ratio between these steps. The ratio can be ob-
tained in Table 2.

4. Discussion
4.1. Uncertainty analysis and sensitive analysis

Fig. 5 provides the probability distributions of the primary energy
consumption and global warming for GTE production in the industry
baseline scenario. The fitting curves have been provided by the
lognormal distribution with 95% confident regions. Both forecast dis-
tributions are in a narrow range and the most possible results are from
the highest bars. Forecast distributions are asymmetrical because the
influence factors are not linear with environmental indicators. In this
section, we use the Monte Carol method to simulate the region that
values are possible to happen. Then the values that have 95% proba-
bility to be the true values are selected as the final results.

As can be seen, the distributions of both primary energy consumption
forecasts and global warming are relatively robust according to the
lower rate of standard deviation. The values of the lowest probabilities
in the 95% confident regions show the huge potential for the environ-
mental sustainability. Regarding primary energy consumption, the
highest value in the 95% confident regions is 91.5 MJ/m? It means that
GTE production in the industry baseline scenario is capable of
consuming 91.5 MJ/m? in the worst condition. In the best condition,
producing 1 m? GTE only consumes 75.8 MJ primary energy. As for
global warming, the environmental impact in terms of global warming
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for 1 m? GTE production is up to 8.8 kg CO-eq.

Then, the sensitive analyses for two forecasts can also be seen in
Fig. 5 (b). In the results, only the factors whose contributions are more
than 10% are shown. The uncertainty of the copper, Iron Nitrate, elec-
tricity, TRT lead to the distribution of the primary energy consumption.
The negative sign means that the increase of these parameters results in
the decrease of the forecast indicator. As can be seen, the copper is the
dominant parameter, which contributes 38.9% in these four variables to
the primary energy consumption. As for global warming, the copper,
also as the most influential parameter, contributes 35.2% among all the
input materials and energy. These results show the importance to
recycle the copper foil in the production again.

4.2. Comparison with previous studies

The degree of technological maturity and production scale wield
substantial influence over the LCA outcomes for emerging technologies.
Advancements in technology maturity or increased production scale
have the potential to mitigate environmental impacts per unit output by
enhancing the material and energy efficiency of the underlying equip-
ment or processes. The Technology Readiness Level (TRL) framework
serves as a pivotal metric to gauge the technological maturity within
LCA studies. TRLs offer a valuable mechanism for technology developers
to monitor the evolution of emerging technologies and their progression
into production. At the core of LCA comparisons lies the concept of the
functional unit, which facilitates the juxtaposition of various technolo-
gies. However, at lower TRLs, the functionality of emerging technologies
may not be fully delineated and may evolve with increasing maturity.
So, in the section, we only compare the results of GTE production but not
ITO. In the context of this study, the production routes of GTE are
diverse and remain at the initial stage, all falling within the same TRL.
Despite their uniform research boundaries, variations in resource con-
sumption across different studies pose a notable limitation in compar-
ative analysis.

For the graphene transparent electrode, two studies focusing on the
LCA field have been published in the past seven years. They both pre-
sented energy use calculation of GTE production by CVD in different
scenarios. The first one (2016) calculated based on stoichiometric
calculation and assuming conditions, which are different from this paper
based on actual production processes (Arvidsson et al., 2016). The work
provided three scenarios including the scenario with high methane
application rate, the scenario with low residence time, and the scenario
with high recovery of methane energy. Fig. 6 shows the results in the bar
to the left. But the energy results in the first work (2016) were
thermal-equivalent amount, which has been transformed to equivalent
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Fig. 5. Uncertainty analysis results for GTE production in the industry baseline scenario. (a) Probability distribution and sensitivity analysis results for primary
energy consumption. (b) Probability distribution and sensitivity analysis results for global warming. a represents copper. b represents Iron Nitrate. ¢ represents

Electricity. d represents TRT.
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primary energy from 157.1 MJ/m? to 3808 MJ/m? for comparison
purposes. No matter which analyzed scenario, the production is in lab
scale, resulting in that energy use results are higher compared to our
work (2023). However, the primary energy consumption of methane
accounts for a big share (68%) in first work (2016), which is extremely
different from this work. The reason is that the production method of
methane has been transformed, mainly from biogas which is cleaner.

The second work (2017) considered three scenarios, including batch
lab scale, continuous lab scale and continuous commercial scale (Cos-
sutta et al., 2017). Their results (2017) are in line with the results of this
work; however, this can only prove the energy use trend of GTE pro-
duction in current production capacity. Actually, recipes of two work are
slightly different and our work uses the methane as the main feedstock
while theirs is based on hexane. In terms of process, their work (2017)
did not consider the transfer process, which means the influence of iron
nitrate and acrylic is excluded. Furthermore, their estimated electricity
consumption (10 kJ/mz) is lower than that in our work (4124 kJ/mz).
The reason is that their electricity consumption estimation in annealing
process is assumed by 90% heat transfer efficiency and adiabatic con-
ditions while ours is collected from data of oven manufacturer. There-
fore, the conclusion can be drawn the actual heat loss in processing is
further higher than results by the theorical calculation. As for the global
warming, their results vary from 0.79 kg COs-eq/m? to 89.1 kg
CO-eq/m?. The range of ours is 0.6-54.8 kg CO5-eq/m?. The results are
highly consistent once again despite the existence of these difference.
The consistency in different impacts shows the level of GTE production
in CVD method.

These works prove that the primary energy consumption and global
warming in industrial scale are in the order of magnitude of 10 MJ/m?
and 0.1 kg CO,-eq/m?. In current stage, this is reaching the limit of GTE
production. Because all materials in the inventory are almost in the
lowest amount or recycled. Meanwhile, the processing is optimized to
reduce the electricity consumption while the power of devices is fixed. It
is not easy to make more improvements in current processes for lower
environmental impacts. If pursuing further less environmental impacts,
finding a radical change in terms of the production route should become
the emphasis of efforts.

4.3. Limitations

In conducting LCA studies, established industrial processes typically
provide the foundation for data collection. However, when assessing
emerging technologies, reliance on data derived from laboratory-scale
processes is often necessary. Despite the utilization of direct and pre-
cise process data in LCA, findings based on lab-scale data may not
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accurately reflect the environmental impacts upon scaling up to a typical
commercial scale. Acquiring adequate inventory data at low TRLs poses
a formidable challenge, exacerbated for emerging technologies by fac-
tors such as the absence of historical data, confidentiality surrounding
industrial processes, and the use of novel materials. The unavailability
or protracted gathering process of primary data often necessitates
resorting to secondary data as a practical expedient to furnish technol-
ogy developers with timely decision-making information. Furthermore,
novel processes frequently entail the utilization of new materials not
prevalent in existing databases, thus limiting the availability of
comprehensive raw material data. To mitigate the issue of missing data,
the recourse to secondary or proxy data becomes imperative, notwith-
standing the attendant challenges. In the present study, uncertainty and
sensitivity analyses are conducted to alleviate errors arising from input
data and estimations; however, these measures are incapable of fully
remedying all discrepancies.

The viability of GTE production utilizing recycled copper foils is
substantiated in the lab scenario; however, uncertainties persist
regarding its performance in mass production, thereby impacting the
reliability of environmental impact assessments. This uncertainty poses
a notable limitation to the conclusive findings on environmental im-
pacts. The application of LCA to evaluate GTE production, particularly
as an emerging technology at a low TRL, is susceptible to inherent un-
certainties inherent in the LCA methodology. Notably, the development
of technology in the laboratory setting may introduce biases into LCA
results. Therefore, decision-makers must grasp the inherent un-
certainties in LCA and their ramifications on decision-making processes
to ensure informed decision-making. So now, the technology should
focus on the demonstration of viability of GTE production utilizing
recycled copper foils in mass production. But so far, the technologies in
the industrial baseline scenario are proved for the production. We can
also find alternatives for the copper, Iron Nitrate, and TRT.

Copper foil emerges as the primary environmental hotspot in GTE
production. Recycling copper foil presents significant potential for
environmental benefits; however, its effectiveness in mass production
remains a challenge. Additionally, the lifecycle of recycled copper foil is
uncertain. Therefore, further experiments are necessary to evaluate the
quality of GTEs produced with recycled copper foils. In the perspective
of policy, policymakers should support research and development in
sustainable production technologies such as microwave plasma chemi-
cal CVD. Grant programs and innovation funds can accelerate the
transition from lab-scale research to industrial-scale applications,
fostering cleaner production methods. Governments can set specific
emission reduction targets for the electronics and photovoltaic in-
dustries. By incorporating GTEs produced through recycled copper foil
into these targets, policymakers can drive the adoption of more sus-
tainable production practices, aligning industry efforts with national
and international climate goals.

5. Conclusions

This paper is a prospective LCA study to investigate the environ-
mental impacts of R2R produced CVD GTE and the environmental po-
tential of recycling copper foil for sustainable production. Four
production scenarios were developed to promote the lab-to-fab progress,
including TCVD lab scenario, TCVD industry baseline scenario, TCVD
industry recycling scenario and MWPCVD scenario. The LCA results in
this study are compared to the previous literation and have been verified
within the reasonable limits.

The scaled-up production from lab to fab is very important for the
environmental sustainability of GTE production. The upgrading saves
the processing electricity consumption remarkably, reducing embedded
primary energy from 1564.4 MJ down to 17.9 MJ in baseline scenario
and to 9.1 MJ in recycling scenario. Furthermore, it can be proved that
the primary energy consumption and global warming in industrial scale
are in the order of magnitude of 10 MJ/m? and 0.1 kg COz-eq/m?. In
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current stage, this is reaching the limit of GTE production.

This study also found the environmental hotspots in the GTE pro-
duction. From the results, using thermal release tape is a block to
decrease the energy consumption and GHG emission. In the recycling
scenario, most environmental impacts dramatically drop because of
copper foil recycling and iron nitrate free using the transfer method with
PVA and laminator. Therefore, it suggests to using PVA and laminator to
replace thermal release tape in the future technology development.

From the results, it can be found that the copper foil is a major
contributor, whose primary energy consumption share is over 25% in
graphene baseline scenario. Through the recycling of copper foil and
optimization of processing techniques, in the industry recycling scenario
for GTE production, the environmental impacts vary from 0.01 to 0.18 of
the values observed in the industry baseline scenario. If all BIPV systems
transition to employing perovskite solar cells with GTE in copper recy-
cling scenario, the potential reduction in CO, emissions is estimated at
141.2 million kilograms in one year.

This paper provides insights into the major environmental contrib-
utors in the GTE production. Copper foil recycling shows an environ-
mental potential for cleaner production of GTE. The findings serve as a
roadmap for the industry, highlighting key areas where improvements
can be made to upscale production while minimizing environmental
impact, particularly by identifying and avoiding the use of materials that
contribute significantly to environmental burdens. In the future, we will
focus more on the effects of TRL on the LCA study of the scaled-up GTE
production. Also, the ongoing development of technology for mass-
producing GTE will persist.

Abbreviations
AC Acidification
AD Abiotic depletion
CH4 Methane
CoHy Ethylene
Cu Copper
CVD Chemical vapor deposition
EU Eutrophication
Fe(NO3)3 Ferric nitrate
FWAE Fresh water aquatic ecotox
GHG Greenhouse gas
GTE Graphene transparent electrode
GW global warming
Hy Hydrogen
HT Human toxicity
ITO Indium Tin Oxide
MAE Marine aquatic ecotoxicity
MPCVD Microwave plasma chemical vapor deposition
N2 Nitrogen
OLD Ozone layer depletion
PEC Primary energy consumption
PMMA Polymethyl methacrylate
PO Photochemical oxidation
PVA Polyvinyl alcohol
R2R Roll-to-roll
TCVD Thermal chemical vapor deposition
TE Terrestrial ecotoxicity
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