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Abstract. Among the various applications of graphene is the heating
purpose due to its promising thermal conductivity. This paper presents a
life cycle model of graphene, capturing the “cradle to gate” approach,
focusing on energy consumption and environmental impact of gra-
phene. The embodied energy consumption was calculated based on em-
pirical data in scientific papers, patents and databases while life cycle
assessment modelling software was utilised for analysing its environ-
mental impact. The result from the analysis shows that, the embodied
energy for the synthesis of 1 kg of graphene ranges between 264-304
MJ. Further analysis shows that, 42% of graphene embodied energy is
consumed from powder preparation through to graphitization process.
Moreover, the result obtained from the modelling shows dust particles
and CO: emissions into air during graphene production. This paper
should be followed by further study on graphene use and end of life
phases to establish a comparison with the traditional heating materials.

1 Introduction

Graphene, a two-dimensional honeycomb carbon lattice, has drawn attention of re-
search focus on multitude of different graphene related areas including graphene as
heating elements [1-3] as energy storage [4], as semiconductor [5], as structural rein-
forcement [6] and as membrane for liquids [7] or gas [8] separation. Graphene firstly
obtained in 2004 using sticky tape on graphite (micromechanical cleavage) and re-
ported to have thermal and electronic properties [9] is a promising material to replace
several materials commonly used in today’s devices in the future. Life cycle assess-
ment (LCA) is defined in the 14040 1SO standards as a way of addressing the envi-
ronmental impacts (resource use and its effects on the environment) of a product’s life
cycle from the acquisition of raw materials through production, use and end of life
(recycling and or final disposal, i.e. “cradle to grave”). The “cradle to grave” ap-
proach, as represented in Fig. 1, includes the energy utilisation that occurs during
resource extraction and processing, production, use, and end of life processing of
graphene. This holistic and comprehensive approach aims at avoiding shifting envi-
ronmental burdens from one stage of the life cycle to another and a complete picture
of graphene properties can be ascertained.
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Fig. 1. Representation of the “cradle to grave” approach of graphene product life cycle.
Adapted and modified [10].

Recent research publications on the numerous applications of graphene, dueto its
mechanical, thermal and electronic properties have led to several concerns over the
economic and environmental burdens that this material might have on the society
[11]. There is the need for investigation on the economic and or environmental bur-
dens as associated with a product or systemwhen produced in commercial scale thus,
to put down measures to reduce or avert these burdens that may occur before the full
development of the product or system. Graphene with very high thermal conductivity
above 3000 W/(m K) [12] and able to withstand extremely high densities of electric
current (a million times higher than copper) [13] is possible to be highly suitable as
heating element. The high thermal conductivity property indicates that, it can outper-
form carbon nanotubes regarding heat conduction [14]. With the threat of global
warming and climate change, technological advancement is no longer the only priori-
ty as there is now a necessity of abating the environmental impacts and risks associat-
ed with emerging technologies. Also, the LCA approach avoids shifting the environ-
mental burden from one impact category to another [11]. These necessitated a com-
prehensive study to investigate the energy consumption of graphene hence, the appli-
cation of LCA technique.

This paper aims to institute a life cycle model of graphene, capturing the “cradle
to gate” approach. The paper focuses on the energy consumption and overview of
environmental impact associated with industrial production of graphene as heating
element.

2 Graphene Production

Graphene is produced primarily from graphite, either Highly Oriented Pyrolytic
Graphite (HOPG-artificial) or graphite flakes (natural) [9,15]. HOPG production pro-
cessing which was invented and firstly produced by E. G. Acheson in 1896 [16] is
made up of filler and binder components. The filler constituting over 80% of total raw
materials mass [17] is normally chosen from carbon materials that graphitise readily



whereas the binder, usually coal-tar pitch represents about 15-30% of the total materi-
al mass [18].

A loss of 25% carbon is assumed after the graphitization process for every 1 kg of
graphite with density range of 2.1-2.3 g/cm when produced [18]. Based on the vola-
tile mass loss and the ratio of filler to binder, it can be deduced that, for every 1 kg of
graphite produced requires about 1.25 kg raw materials of which 80% is coke and
20% pitch. Graphene production methodologies can be classified into; exfoliation
(dry, liquid phase (LPE) [19], and electrochemical exfoliation (EE) [20], chemical
and thermal routes and Chemical Vapour Deposition (CVD).

2.1  Graphene as Heating Element

Graphene ink can be used for heating element as in the case of conventional heating
systems made from copper or alloy. It is reported that, the commercial film-like heater
made from strips of a Fe—Cr—Al-based alloy has many disadvantages including com-
plicated fabrication process, opacity, heavy weight, rigidity, and low heating efficien-
cy [1-3]. Possibly, graphene ink can be used to replace the conventional heating ele-
ments due to its various properties including thermal, conductive, light weight, flexi-
ble among others.

a b

Fig. 2. Graphene heating elements: (a) Graphene radiator, (b) and (c) Forms of graphene under-
floor heating element.

Graphene Ink. Zaier et al documented that, the coating strategy of graphene ink
works with a variety of substrates (textile, paper, glass, wood, plastic and stainless
steel) [21]. Possible graphene ink can be applied on board (plastic, wood or stainless



steel) to replace the existing heating elements as shown in Fig. 2, due to its conductive
property [22]. High conductivity of graphene permits electrons to travel about one-
third of the speed of light and, its low thermal mass [23,24] expedient heating (in-
stant) without wastage of energy heating up the heater itself.

Graphene Ink Production. The production of graphene ink requires basic elements
comprising of conductive or functional material, binder and carrier [25,26]. The func-
tional material, normally an electrically conductive form of carbon such as graphite,
carbon black or activated carbon powder should be at least 30% of the wet weight of
the ink [25]. The binder holds the conductive material (graphene) together while al-
lowing to flex [25] further documented that, the preferred binder’s dry weight should
range from 3% to 5.18% by of the wet weight of the composition and the binder, usu-
ally used in a solution in water. The composition should be about 30-50% of wet
weight of the binder solution [25] which can be deduced that; the dry binder and wa-
ter ratio should be approximately 1:10 respectively. A conductive graphene ink can be
produced by dispersing exfoliated graphite (EG) flakes in DMF [27] with a high con-
centration (10 mg/mL) followed by sonication [27,28] for 20 minutes [27]. This
method of graphene ink production seems promising for industrial scale since the
sonication process promotes quick and even dispersion of graphene in the solution
compared to the stirring method employed by Murray-Smith [26]. The weight of gra-
phene in the ink contributes to the properties of the ink and its application. Ink for
heating purpose may have high concentration of graphene due to the thermal, conduc-
tive and transfer of heating properties required for such application.

2.2 BEnvironmental Impact of Graphene Production

Nanosafety which can be defined as all the safety issues related to nanotechnology, is
required to interpret any future development of new nanotechnologies into action,
from commercial applications to health care approaches [29, 30]. Graphene Related
Materials (GRMs) are possible to have risks on health or environment as shown in
Fig. 3. It is essential to discover the level of toxicity and to establish, if required, con-
straints for safety of use [31-36].

3 Methodology

The approach adopted in obtaining the results is graphically represented in Fig. 4.

3.1  Process Mapping

The project first saw the process mapping of graphene using flowcharts to capture
relevant processes from its feedstockthroughto graphene ink production. After which
IDEFO was used to further develop the map to capture the necessary production de-
tails including inputs, outputs, temperature, equipment, process time as indicated in
Fig. 5.



Fig. 3. Possible interactions of Graphene Related Materials (GRMs) with cells, organs (i.e.
lung) and living organisms (i.e. amphibian) [36].
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Fig. 4. High level approach adopted in obtaining research results.

Raw Materials Energy Calculation. To calculate the HOPG energy, 80:20 % repre-
senting coke and pitch quantity flow was applied [17,18]. Their equivalent produc-
tion embodied energy quoted in [37] served as foundation to the energy calculation
of graphene ink production. About 1.25 kg of both coke and pitch was used to calcu-
late the production of 1 kg of HOPG. To obtain graphene processing energy, the con-
tribution of coke and pitch embodied energy was subtracted fromthe graphite embod-
ied energy.

The primary production (energy and CO) and material processing (energy and COz2)
was added to obtain graphite embodied energy. The quantity of H2SO4 used in the
analysis was derived from the graphite to solution ratio quoted in [38].
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Fig. 5. Graphene process map capturing the “cradle to gate” approach



Production Processes Energy Calculation. The energy requirement at the pre-
treatment of graphene was calculated based on the embodied energy of sulphuric acid
quoted in [39]. Microwave expansion energy was obtained using a power of 1100 W
[38] for a time of 5-10 s [20]. 150-300 W per litre solvent for 30 minutes [47] was
applied for the ultrasonic exfoliation energy calculation. The process energy is calcu-
lated assuming a constant power level for the time required by the process. The results
from all the processing energy were added to the raw materials energy to derive gra-
phene embodied energy result.

Graphene Ink Energy Calculation. The ratio 30:70% of graphene to Dimethylfor-
mamide (DMF) respectively [25] was used in the ink energy calculation. The Cumu-
lative Energy Demand (CED) for 1 kg of DMF recorded in [41] was applied. The
sonication process energy was calculated based on the power reference quoted by [40]
with process duration recorded by [27]. The energy and materials mass flow for gra-
pheneink production are graphically represented via Sankey diagram.

3.2  Environmental Impact

GaBi software was used in modelling the LCA of graphene production. The model-
ling captures the high-level production processes of graphene from it feedstock
through to graphene ink production. Most of the data fed into the system were identi-
fied and retrieved from GaBi database with few entered manually from the results of
the analysis. Data fed into the system was then analysed by GaBi software to obtain
the environmental impact results of graphene production.

4 Results

4.1  Graphene Process Map

From a high-level point of view, a graphene process map is represented by Fig. 5and
comprises three major steps: graphite production, graphene production and graphene
ink production. These processes represent raw materials acquisition, graphene produc-
tion and graphene use phase in Fig. 1 respectively. The temperatures, pressure, time,
equipment and inputs contribute to the energy consumption at each process as indi-
cated in Fig. 1 and the waste is denoted by the losses that flow out of the processes.
Fig. 5 shows that graphite production demands the production of both coke and pitch
which is captured as ‘make petroleum coke’ and ‘make pitch’ respectively. The first
production process after transportation is the powder preparation which begins with
crushing of the raw materials through to the mixing to obtain an even mixture. The
powder preparation occurs below 200°C followed by shaping the mixture, referred to
the output as ‘green shape’. The baking process occurs in high temperature of about
1000°C in inert atmosphere and this leads to volatile mass loss when temperature is
about 300-550°C. The mass loss estimated to be about 25% of the total mass of the
coke and pitch mixture occurs at this stage. The carbonised material is impregnated



with coal tar and baked again before the next stage. Graphitization, the final process
of graphite production, is

very significant because at this stage, the carbonised material is transformed into
graphite. Graphitization process uses high temperatures, up to 3000°C, which is 3
times higher than the baking temperature.

4.2 Materials Flow

The flow of materials or processes associated with graphene ink production is graph-
ically shown as Fig. 6. It has three main subdivisions including inputs (materials on
the left-hand sides), processes (grouped in the middle of the flow) and outputs (mate-
rials at the right). Fig 6 shows that some output like graphite and graphene serve as
input to pre-treatment and sonication respectively. Water represents the high flow of
20 kg, followed by DMF of 2.2 kg. Unexfoliated graphite represents the low flow of
about 0.05 kg out of 3.2 kg of graphene ink. Fig 6 indicates that, 95% of the HOPG s
exfoliated into graphene (0.95 kg) indicating high efficiency of the process.

mmmm Coke: 1.00kg Volatile mass loss: 0.25kg

Make graphite: 1.25kg s Graphite: 1.00kg

Pitch: 0.25kg

Sulphuric acid: 0.60kg

Exfoliation: 21.60kg Yy

Pre-treatment: 21.60kg

Unexfoliate graphite: 0.05kg
Water: 20.00kg Expansion: 21.60kg

Graphene: 0.95kg

Dimethylformamide: 2.22kg

Sonication: 3.17kg Graphene ink: 3.17kg

Fig. 6. Mass flow of processes or materials to produce about 3.2 kg of graphene ink

Unexfoliated graphite, 0.05 kg accounts for a loss of 5% (maximum) for every 1
kg of graphite used which depicts less energy wastage under the material flow. The
use of 30:70% ratio of HOPG to DMF respectively results in ink of high level gra-
phene concentration required to possess thermal and conductive properties needed for
heating purposes.

4.3  Estimated Embodied Energy

Graphite, the primary raw material for graphene production requires about 237-260
MJ for every 1 kg produced. Table 1 shows the energy consumption of graphite pro-
duction accounting for embodied energy of 1 kg of petroleum coke and 0.25 kg of



coal tar pitch as 31-35 MJ and 90-103 MJ respectively. The production processes
including powder preparation, baking, impregnation and graphitization requires about
114-123 MJ of energy for every 1 kg of graphite produced and is captioned as ‘make
graphite’ in Tab. 1.

Table 1. Estimated embodied energy for the synthesis of 1kg of HOPG

Process/Material Quantity (kg) Embodied Energy (MJ)
Petroleum coke 1 3194 - 3517

Resin impregnated carbon 0.25 90.23 —102.64

Make graphite 1.25 11435 - 1226
Graphite 1 236.52 - 260.41

From Tab. 2, the embodied energy to produce about 0.95 Kg of graphene is esti-
mated to range between 252-290 MJ. This accounts for the energy consumption for
the production of sulphuric acid at pre-treatment (1.19 MJ), expansion (7.92-15.84
MJ) and ultrasonic exfoliation (5.83-11.66 MJ) processes as shown in Tab. 2.

Table 2. The embodied energy to produce about 0.95 kg of graphene

Process/Material Quantity (kg) Embodied Energy (MJ)
Graphite 1 236.52 - 260.41
Pre-treatment 0.6 1.19

Microwave expansion 21.6 7.92 —15.84
Ultrasonic exfoliation 216 5.83 — 11.66

The energy to produce 20 kg of water used in the pre-treatment process is cap-
tured under miscellaneous in Fig. 8. Further analysis indicates that, the estimated
energy to produce 1 kg of graphene ranging between 264-304 MJ is higher compared
to 141-157 MJ of energy consumed for every 1 kg of copper produced [37]. This
implies that, for every 1 kg of graphene produced requires about 90% more energy
than 1 kg of copper produced.

Tab. 3 shows that, for every 3.2 kg of graphene ink produced consumes about
454-492 MJ of energy. This includes the energy usage for graphene production (251-
289 MJ), DMF (202 MJ) and the sonication process (0.57-1.14 MJ). Further analysis
shows that, for every 1 kg of graphene ink produced, about 142-154 MJ of energy is
consumed. This implies that, for every 1 kg of graphene produced uses 52% more
energy than for every 1 kg of graphene ink produced.



Table 3. The embodied energy to produce about 3.2kg of graphene ink

Process/Material Quantity (kg) Embodied Energy (MJ)
Graphene 0.95 25146 —289.1

DMF 2.22 201.97

Sonication 3.17 057 —1.14

Graphene ink 3.17 454 —492.21

44  Energy Flow

Fig. 7 shows the flow of energy for graphene ink production. The dispersion process
accounts for the high energy consumption representing about 202 MJ out of the aver-
age 473 MJ required for the graphene ink production. Next to dispersion is make
graphite representing 119 MJ followed by pitch, 94 MJ and coke 34 MJ. Sonication
represents the low energy usage of about 0.9 MJ during production of graphene ink.
Miscellaneous (1.3 MJ) captures water and other raw materials which are used but not
considered in the energy calculation.

coke: 34.0MJ

Pitch: 94.0MJ

Make graphite: 119.0MJ

Pre-treatment: 1.2MJ Graphene ink energy mix: 473.0MJ
Expansion: 11.9MJ

w Exfoliation: 8.7MJ

Dispersion: 202.0MJ

Sonication: 0.9MJ
Miscellaneous: 1.3MJ

Fig. 7. Energy flow of processes/ materials to produce 3.2kg of graphene ink.
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Fig. 8. LCA model of graphene capturing the cradle to gate approach

45  Environmental Impact

Production of carbon materials is known for its associated environmental impacts of
which graphene is not an exception. Fig. 8 shows the LCA modelling of graphene
using the ‘cradle to gate’ approach. The results obtained from the analysis of the
modelling is shown in Fig. 9 and 10.

Fig. 9 shows that, graphene production leads to high emissions into the atmos-
phere including CO> and dust particles. These are reported to be harmful to life and
the environment at large. Furthermore, other emissions such as emissions into fresh
water and sea water occurs during graphene production from its feedstock and these
directly contribute to environmental burdens when graphene ink is produced in com-
mercial scale. The reduction or prevention of these emissions requires more energy
for their treatment which contribute directly to high energy consumption during gra-
pheneink production.

However, Fig. 10 indicates that, serious non-lethal accident internally leads the
health and safety result during graphene ink production. This implies that, the produc-
tion of graphene ink has low risk of internal accident that may lead to loss of life.

5 Conclusion

The application of LCA to evaluate the energy utilization and environmental impact
associated with graphene heating element has been fully assessed by capturing all
relevant production processes, the quantity of raw materials and their associated ener-
gy requirements. The aim of this research has been achieved because, the process
map, materials flow and energy flow represent the LCA model of graphene as heating
element. The results that were obtained from the analysis can be summarised below.



The result from the analysis shows that, for every 1 kg of graphene produced re-
quires an embodied energy of 264-304 MJ.

Again, the result from the analysis indicates that, 454-492 MJ of energy is utilised

for the production of 3.2 kg of graphene ink. This shows that, for every 1 kg of gra-
phene ink produced, about 142-154 MJ of energy is consumed. Based on this, it can
be deduced that, 1 kg of graphene produced, uses 52% more energy than the same
quantity of 1 kg of graphene ink produced. It can be concluded that, there is possibil-
ity of reduction in energy consumption of graphene towards the use phase which must
be confirmed by further investigations.
Furthermore, the result from the LCA of graphene modelling indicates that, emissions
to air leads all emissions associated with graphene production. These emissions show
the environmental impact associated with graphene ink production from its ore. Alt-
hough these emissions are harmful to life, the safety result shows that there is no seri-
ous internal accident associated with graphene ink production.
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Fig. 9. Emissions associated with graphene ink production
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Fig. 10. Health and safety issues associated with graphene ink synthesis
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