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Abstract: Carbon-reinforced concrete (CRC) has the potential to play a pivotal role in optimizing the
built environment and has therefore been experiencing a wave of research and development in the
construction industry in recent years. The production of carbon fibers for CRC is energy-intensive,
prompting the need to explore circular economy approaches (e.g., recycling at the End-of-Life (EoL)) to
optimize the environmental performance of this material. Underdeveloped processes and a resulting
lack of primary data regarding the recycling of CRC have hampered a comprehensive sustainability
assessment of the novel composite building material. The novelty of this article is the detailed
presentation of possible EoL scenarios for CRC and the detailed determination of the respective
environmental impacts. This study aims to model EoL options within a Life Cycle Assessment (LCA),
focusing on the EoL stage based on ISO 14040/44 using the GaBi ts 10.5.1.124 software and the
CML2001 (2016) methodology. The practical relevance of the study lies in the early consideration
of the entire life cycle of new materials, such as CRC, already in the design phase. Furthermore,
the EoL can have relevant impacts on the environment, and due to an increasing significance of
sustainability aspects, this LCA clarifies first approaches for the future of the construction sector
in quantitative statements (e.g., CO2 emissions). All data are literature-based and are explained
in detail and calculated for our case study with the functional unit of one kilogram of re-usable
material (reusable and fully usable “raw” material for further use/ development) from a double wall.
The impact assessment was calculated for 11 midpoint categories and related indicators, although
the main focus was on Global Warming Potential (GWP). It was found that the highest-quality
recycled options for CRC arise when the individual fractions (concrete matrix and carbon fibers)
are first broken up, separated and then individually processed. This study focused mainly on the
processing of the carbon fibers contained in CRC, for which pyrolysis and mechanical recycling
have the strongest potential for industrial application. For the demolition and separation of both the
concrete and the carbon fiber fractions, the conventional transport from the demolition site to the
stationary processing plant proved to be the main driver of the GWP (1.4 × 10−3 kg CO2e). In the
subsequent processing of the carbon fibers, pyrolysis showed a higher GWP (9.7 × 10−3 kg CO2e)
than mechanical recycling (3.1 × 10−4 kg CO2e). In addition, the production of one m3 of concrete
(C30/37) was compared to a primary raw material concrete fraction. Concrete can be successfully
used as a substitute material for the gravel present in the C30/37 concrete. The use of recycled parts
in concrete (originating from the concrete used in carbon-reinforced concrete) as a substitute for
primary gravel showed a savings of 6.9 kg CO2e per m3 of primary concrete, corresponding to a
reduction of 22.5%. The results show that the mechanical recycling of carbon fibers is overall the route
with the lowest energy input and emissions. However, compared to pyrolysis, the recycled carbon
fibers from mechanical recycling have a lower quality. Therefore, despite the higher energy input,
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pyrolysis is a more promising approach to close the material cycle. Furthermore, recycled aggregate
concrete can reduce emissions by a quarter compared to primary concrete. Finally, this work aimed
to provide a basis for further life cycle optimization in the construction sector. In subsequent studies,
the EoL must be combined with the production and use stages to depict the entire life cycle, identify
possible trade-offs and compare the results with conventional construction methods or materials
such as steel-reinforced concrete.

Keywords: carbon-reinforced concrete; LCA; end-of-life; recycling; carbon fiber; reinforced concrete

1. Introduction

The construction sector is an important part of the fight against climate change. Cur-
rent data show that globally, 37% of energy-related CO2 emissions (incl. use stage), about
7–8% of total CO2 emissions (excl. use stage), 36% of energy consumption and 40% of
raw material consumption are attributable to the construction sector [1–3]. Accordingly,
there is an increasing focus on sustainable design and resource-efficient use of building
materials [4]. In this context, concrete is the dominant building material, with an estimated
global consumption of 8.8 billion tons per year, which is under increasing criticism due to its
resource consumption and production-related CO2 emissions [5–7]. At the same time, both
global population growth and urbanization are leading to an increased demand for housing
and infrastructure, resulting in increased resource use as well as CO2 release throughout a
building’s life cycle [4,8]. Therefore, to counter both a future threat of resource scarcity and
increasing CO2 emissions in the building and construction sector, sustainable innovations
are needed to improve potential building sector issues in about 100 years [8–11].

The composite material carbon-reinforced concrete (CRC) has the potential to play
a crucial role in optimizing the built environment [8,10]. CRC consists of reinforcement
made of carbon fibers and thus substitutes the steel reinforcement of conventional steel-
reinforced concrete, which has been the most widely used building material worldwide
to date [12–14]. Steel reinforcement has the decisive disadvantage of being susceptible to
corrosion—an additional concrete cover serving as corrosion protection is required [8]. In
comparison, the carbon reinforcement found in CRC is non-corrosive, which could lead to
thinner components and enormous concrete savings as well as ultimately an increase in
environmental and economic efficiency [8,12,14]. CRC not only offers the advantage of not
corroding but also has an above-average service life of an estimated 100 years [15], which
is significantly longer than the service life of reinforced concrete (40–80 years) [8,12,14].
Furthermore, most studies in the construction industry focus on a service life of only
50 years [16,17], which can be exceeded by CRC and by this postpone (emissions) end-of-
life challenges to in about 100 years (instead of 50 years).

Currently, End-of-Life (EoL) processes for CRC are underdeveloped and far from
ideal from an environmental perspective. These processes lead to downcycling, which is
insufficient to significantly reduce resource consumption and associated emissions within
a circular economy [4,10]. Moreover, there is a lack of primary data on the recycling of
CRC, which until now has hindered a complete sustainability assessment of this innovative
composite building material. Developing a suitable reuse and recycling concept for CRC is
critical for its environmental sustainability [10]. Consequently, this study aims to identify
the currently possible methods for the CRC recycling and determine the associated energy
consumption to enable an environmental assessment of CRC at the end of its life cycle.
For this purpose, a Life Cycle Assessment (LCA) of the CRC at the end of its service life is
carried out.

In the following, we present the State-of-the-Art of CRC and previous LCAs related to
CRC. Furthermore, the LCA case study is split into two scenarios: mechanical recycling
and pyrolysis. Both scenarios start with identical deconstruction, and it is assumed that the
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analyzed material is composed of primary raw material. Finally, we assume concrete to be
reused in road construction as a possible second life scenario.

Carbon-Reinforced Concrete

CRC is an innovative composite building material composed of concrete and reinforce-
ment which, in contrast to reinforced concrete, is not made of steel but carbon fibers [8].
In the construction sector, the starting material for the production of carbon fibers is poly-
acrylonitrile (PAN), obtained from petroleum. The fiber is impregnated and absorbs a
predetermined amount of impregnation and water. Depending on the desired stability
and flexibility of the reinforcing mesh, the construction industry usually distinguishes
between two types of impregnation: epoxy resin (duromers; EP) or styrene-butadiene
rubber (elastomers; SBR). To produce the reinforcement, up to 50,000 filaments (individual
fibers) are bundled into long fibers and then spun into a roving (yarn) [12].

2. Recycling of CRC

When recycling CRC, a distinction is made between two routes. In the first, the
demolition material is separated into individual fractions (concrete matrix and carbon rein-
forcement) that can be reused individually, and in the second route, the demolition material
is not separated into individual fractions, resulting in the recycling of a heterogeneous and
non-pure material [12]. Demolition and separation of the CRC components are expected
to achieve the highest quality recycling output of the processed raw materials (processed
concrete and processed carbon fibers) [12]. For this reason, only this type of recycling is
considered in this study. The process for the CRC recycling elaborated by Kortmann (2020a)
was used in this study as a model for the LCA. Figure 1 shows a sketch of the modeled and
calculated processes.
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First, the CRC is selectively crushed using a carrier with attachment tools (concrete
pulverizer and sorting grab). This steps results in pre-crushed, coarser fragments of CRC,
where the carbon reinforcement is still present [12]. To separate the reinforcement and
continue the preparation process, the pre-crushed CRC is loaded onto a dump truck using
a hydraulic excavator and transported to a stationary preparation plant [12]. In the plant,
the main crushing of the demolition material is performed by a jaw crusher (or an impact
crusher), resulting in a heterogeneous mixture of building materials. This construction
material mixture consists of concrete fragments of the grain group 0/56 and exposed
carbon roving fragments with an average individual length of 80 mm. In this sub-process,
the degree of disintegration of the carbon roving fragments from the concrete matrix is
over 99% [12].

In the pre-separation, metallic embedded parts are first removed from the material
flow by a stationary magnetic separator. Then, concrete fines (largest grain size of 2 mm),
lightweight plastic components (e.g., spacers) and carbon reinforcement with a mass
fraction of an estimated 10% are removed by a cross-flow classifier. In addition, the spacers
and the carbon reinforcement are separated from the concrete fines by screening, which
prepares them for further material recycling steps. The metallic components separated by
the magnetic separator are sent to steel scrap recycling. After completing the pre-separation,
the material stream contains a heterogeneous accumulation of concrete fragments of grain
group 3/56 and exposed carbon roving fragments (average length 80 mm) [12].

A camera-based sorting unit is then used for the main separation of the concrete and
carbon roving fragments. According to Kortmann, 97.7% of the carbon roving fragments
can be separated in practice with this type of single-grain sorting. A maximum proportion
of 2.3% of the carbon reinforcement remains in the concrete recyclate and finally reduces
the mass fraction of the reinforcement structures from the former 1% to 0.023%. The
result of the main separation is thus, on the one hand, the concrete fraction of grain group
3/56 (Aggregate EoL) with a residual carbon fiber content of less than 0.05% and, on the
other hand, the separated carbon fiber fraction, including foreign mineral constituents of
grain group 0/2. [12] Subsequent screening with a screen diameter of 3 mm allows the
carbon fiber fraction to be separated from the foreign mineral constituents in a pure state,
to obtain only the fibers themselves [12] (Figure 1). Next, a further fiber processing step,
such as mechanical recycling or pyrolysis, follows.

2.1. Recycling of Carbon Fiber Composites

The three main waste management strategies for carbon fibers are (1) landfilling,
(2) energy recovery in the form of incineration or co-incineration in a cement kiln [18,19],
and (3) recycling [20–22]. Since this study focuses exclusively on carbon fiber recycling,
landfilling and energy recovery are not considered. Carbon fiber reinforced plastics (CFRP)
waste is currently not suitable for conventional incineration and co-incineration due to the
required pre-processing and increased operating temperatures. Moreover, landfilling is a
problematic option since carbon fibers are chemically inert and degrade slowly [23].

In general, a suitable recycling method for carbon fibers should be efficient, environ-
mentally friendly, have minimal impact on fiber length and allow interfacial compatibility
with new resins [24]. Moreover, an environmentally sound recycling method should cause
less overall environmental impact than the production process of primary raw material
or other waste management methods [23]. In this regard, there are mainly three recy-
cling methods for carbon fibers: mechanical recycling, thermal recycling and chemical
recycling [20,24].

Thermal recycling includes pyrolysis as well as fluidized bed pyrolysis, while chemical
recycling includes solvolysis (with near- or supercritical fluid) and acid digestion [25].
Among these methods, pyrolysis and mechanical recycling show a better technological
readiness [21] compared to chemical recycling or fluidized bed pyrolysis [20,25]. For
mechanical recycling, this is due to the energy efficiency in high production rates and
production capacities, as well as the lower costs [25,26]. In the case of pyrolysis, this is
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currently the most technologically advanced method for the recycling of carbon fibers and
has already proven its economic feasibility in large-scale plants [27]. For these reasons, only
mechanical recycling and pyrolysis will be discussed below.

2.1.1. Mechanical Recycling

One advantage of mechanical recycling (Figure 1) is that it can address the growing
amounts of carbon fiber waste [25]. This is because, in this method, the fiber composite
material is shredded and milled through a multi-stage process [28]). For this purpose,
equipment such as multi-shaft shredders and granulators are used, followed by the screen-
ing of the fibers to obtain a homogeneous particle size distribution [29,30]. In mechanical
recycling, the fibers cannot be completely separated from the matrix (impregnation as EP
or SBR) [28,31]. However, recycling can also take place without the separation of these
two components [32]. The shredded carbon fibers can be used as fillers in composites,
concrete, asphalt and coatings, which would involve downcycling the fibers [29,32–34].
The use of fillers consisting of recycled carbon fibers can increase mechanical (e.g., fatigue
and fracture) as well as tribological properties (e.g., friction and wear) of new pure plas-
tics [29,35]. In summary, the rapid processing and ease of scalability are major advantages
of this recycling method, but the length of the carbon fibers is greatly reduced and contains
resin residues, which in turn affects their recyclability in new products [25]. Technically,
the term ‘mechanical recycling’ would also comprise the technologies of electrodynamic
and electrohydraulic fragmentation, which separate resin and carbon fiber (CF) under high
voltage. However, as they are still at lab-scale, they are excluded from this study [36].

2.1.2. Pyrolysis

Pyrolysis is a recycling method that can produce recycled carbon fibers on a large scale
(Figure 1), with an estimated total energy consumption of 5–10% of the total energy re-
quired to produce primary fibers [23,25]. Compared to mechanical recycling, a fundamental
advantage of pyrolysis is that the polymer matrix (impregnation) can be completely parted
from the carbon fibers, thus enabling split recycling of the fibers and polymer matrix [29,32].
These are separated in an inert atmosphere (usually nitrogen) under atmospheric pressure
at a controlled temperature of at least 350 ◦C [24,37,38]. During this process, so-called pyrol-
ysis gases (e.g., H2, CH4, CO and CO2) are emitted from the polymer matrix [39,40]. Due to
their high calorific value, these can be reused as fuel to directly support pyrolysis and offset
some of the electricity (or natural gas), necessary as inputs for the pyrolysis [12,20,41,42].
Burning off the polymer matrix can cause soot adhesion to the carbon fiber surface, which
would prevent the fibers from bonding well with new resin [24,27]. For this reason, subse-
quent oxidation is necessary, which can remove the carbon black particles but harms the
mechanical properties of the carbon fibers (elastic modulus and tensile strength) [40,42–45].
The extent of this damage depends largely on the operating conditions such as pyrolysis
and oxidation temperatures, residence time and reaction atmosphere [25]. In this regard,
the best mechanical properties (93% of tensile strength and 96% of the elastic modulus)
have been obtained at a pyrolysis and oxidation temperature of 500 ◦C, a pyrolysis time of
one hour and an oxidation time of two hours [46]. The oxidation process may additionally
enrich the pyrolyzed fibers with oxidized groups, thus serving as a crosslinker between the
recycled fibers and new resin [47].

However, it has been reported that the composites made with recycled carbon fibers
tend to have lower mechanical properties compared to the composites made with primary
fibers [25]. They can be used to increase the strength of plastics in injection molded
components as well as further processed into nonwovens [12]. Therefore, the recycled
fibers find application only in the field of non-structural composites such as cladding in
the automotive and aerospace industries or lightweight sports equipment [12,43,47]. We
exclude in our study the technology of microwave-assisted pyrolysis. Although it has
lower energy needs, it is still at the laboratory stage, and the quality of the recovered CF is
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lower compared to conventional pyrolysis [22]. We also exclude fluidized bed pyrolysis for
CF recovery due to its lab stage status too.

2.2. State-Of-The-Art: End-Of-Life Life Cycle Assessment Implementations to CRC

In many scientific articles on environmental assessments of CRC, most notably Stoiber et al.
(2021) [48], Laiblová et al. (2019) [49] and Williams Portal et al. (2015) [50], recycling is
generally not considered. However, the authors of these works call for an environmen-
tal assessment of the EoL, pointing out, on the one hand, the good recyclability of the
reinforcement material steel that is already in practice and, on the other hand, the diffi-
cult recycling procedures for CRC, which is the aim of the current research [51,52]. An
environmental assessment of the recycling of CRC has so far only been performed by
Scope et al. (2020) [53] and Hatzfeld et al. (2022) [54]. Scope et al. (2020) [53] conducted
a cradle-to-grave Life Cycle Sustainability Assessment (LCSA) on a CRC double wall,
encompassing the environmental, economic and social dimension. However, for the EoL,
they found that recycling can hardly provide an environmental benefit according to the
CML environmental impact categories results. The authors modeled a pyrolysis recycling
of the CFRP fraction according to Meng et al. (2018) [55] and crediting for recycled carbon
fibers use as a substitute for primary glass fiber in a glass fleece. Nevertheless, this study
omits deconstruction and separation processes as well as the mechanical recycling. Inspired
by these findings, Hatzfeld et al. (2022) [54] map multiple recycling paths of CRC and
its components. For the individual processes, they provide a measure of technological
maturity using Manufacturing Readiness Levels (MRL) and state the literature-based GWP
values, giving recommendations for a technologically feasible and environmentally sound
recycling of CRC [54].

2.2.1. Life Cycle Assessment of Mechanical Recycling and Pyrolysis

There are numerous environmental assessments on mechanical recycling and pyrolysis
of CFRP in the scientific literature. Namely, for pyrolysis, the studies by Gopalraj et al.
(2021) [18], He et al. (2020) [56], Khalil et al. (2018) [20], Vo Dong et al. (2018) [57],
Dieterle et al. (2017) [58], Meng et al. (2018) [55], Pillain et al. (2019) [36] and Nunes et al.
(2018) [59] can be highlighted. Studies focusing on the mechanical recycling of carbon
fibers are Li et al. (2016) [60], Meng et al. (2018) [55], Shuaib and Mativenga (2017) [61]
and Howarth et al. (2014) [26]. All mechanical recycling and pyrolysis studies have
consistent findings for the respective technologies. First of all, they show that recycled
carbon fiber (rCF) has a better environmental performance than virgin carbon fiber (vCF).
The mechanical recycling process is generally found to have the lowest environmental
impacts. However, as pyrolysis can recover higher quality recycled CF components by
maintaining more of the structural integrity and length of the fibers, it allows for more
options to substitute vCF. Hence, if crediting is applied, the pyrolysis achieves better
results. If the rCF is used as a substitute for other products, such as glass and steel fibers,
environmental performance worsens [53,62].

2.2.2. Life Cycle Assessment of Recycling of Concrete Fragments

Environmental assessment studies on the recycling of concrete in the scientific litera-
ture vary heavily in their results, depending on assumptions regarding transport distances,
concrete specifications, stationary or mobile recycling, type of recycling processes, country,
data sources for the Life Cycle Inventory and application of the recyclate. Current com-
mon uses for recycling concrete aggregate (RCA) are backfills, road sub-base and base,
i.e., downcycling. These recycling routes are modelled in environmental assessments by
Guignot et al. (2015) [63], Martinez-Arguelles et al. (2019) [64] and Wei et al. (2013) [65].
Although the use of RCA does not significantly lower GWP, it prevents the depletion of
natural aggregates, which are becoming increasingly scarce.

RCA application is as an alternative to natural aggregates in structural concrete, a
higher quality application in comparison to its implementation in road construction. There
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are many environmental assessments on this recycling route, collected in two LCA studies
and reviews by Colangelo et al. (2020) [66], Mostert et al. (2021) [67], Yazdanbakhsh et al.
(2018) [68], Guo et al. (2018) [69], Fraj and Idir (2017) [70], Kleijer et al. (2017) [71],
Braga et al. (2017) [72], Müller et al. (2015) [73], Serres et al. (2016) [74], Turk et al.
(2015) [75], Mettke et al. (2015) [76], Knoeri et al. (2013) [77], Weimann et al. (2013) [78],
Heyn and Mettke (2010) [79], Marinković et al. (2010) [80] and Bischof et al. (2010) [81]. In
most studies, the results show that the GWP is not significantly lower, as the crushing of the
concrete and the transport have high energy needs, and there is still the need to add primary
cement to the concrete mix. However, results vary greatly. The GWP of RCA concrete ranges
from 20% less to 35% more than natural aggregate concrete. This large variation is due to
the different assumptions made in the studies. Furthermore, there is a method that allows
a closed-loop recycling of concrete—electrodynamic fragmentation. This method allows
for separate reclaiming of the cement fragments and the aggregate fragments. Respective
environmental assessments are conducted by Gehring et al. (2015) [82] and Guignot et al.
(2015) [63]. However, this technology is still in the laboratory stage, and due to the high
energy needs of this method, the environmental impacts are not significantly lower.

3. Methodology
3.1. Goal and Scope

This study aims to present the range of environmental impacts of CRC after its
use phase until re-usable material fractions are obtained using LCA. Accordingly, the
scope of the study is defined from demolition to waste management (= C1–C3 in DIN
EN 15804) [83]. The following scenarios are based on ISO 14040/44 and are modeled with
GaBi ts 10.5.1.124 [84,85]. In addition, production in Germany is assumed, which is why
any energy supply was modeled with German input processes. The impact categories used
are in line with the CML2001 (August 2016) methodology [86]. The Functional Unit (FU) is
mass in kg of re-usable material, originating from the CRC double-wall described by Otto
and Adam (2019) [87], with dimensions (per wall) of 5 × 2.5 × 0.25 m and a total weight of
1.43 t (of which concrete 1.42 t and 0.0102 t scrim per double-wall) or 0.6 m3 [87,88]. The
reason for kg as a FU is to understand what percentage of the original wall can ultimately
be reused and not end up as waste. External joining elements to the double wall, as well as
optional insulation materials are not included in the LCA.

3.2. Life Cycle Inventory

This life cycle inventory (Table 1) is based on the process sequence explained in
Section 2 (Figure 1). The energy values and the transports including fuel refer exclusively
to the functional unit (1 kg of re-usable material) and accordingly not to the complete
double-wall. In this context, reference flow for our study is 0.993 kg of concrete and
0.007 kg of carbon reinforcement. The entire life cycle inventory is based on literature
data or datasheets from German companies, which were converted to the target value
according to justified assumptions. A detailed description of the individual assumptions
and calculations made can be found in the Supplementary Material (A.1).

Table 1. Inventory Demolition.

Process Mass Unit Input GaBi Process Assumption/Reference

Selective demolition with
pre-crushing MJ/kg 0.03382 Modeled process

DE: Diesel mix at filling station Sphera

Machinery and related
net power: [89,90]

Fuel consumption: [91]
Transport of the material to the

stationary processing plant km 17 GLO: Truck, Euro 4, 26–28t gross
weight/18.4t payload capacity [92]

Loading of the demolition material
with excavator (in the

processing plant)
MJ/kg 0.0047 Modeled process

DE: Diesel mix at filling station Sphera [89]
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Table 1. Cont.

Process Mass Unit Input GaBi Process Assumption/Reference

Main crushing with concrete crusher
(jaw crusher or impact mill) MJ/kg 0.035 Modeled process

DE: Diesel mix at filling station Sphera [89]

Pre-separation with stationary
magnetic separator in combination

with cross flow sifter
MJ/kg 0.0072 Modeled process

DE: Electricity grid mix (2020) ts [89]

Main separation
(camera-based sorting) MJ/kg 0.0054 Modeled process

DE: Electricity grid mix (2020) ts [93]

Sieving MJ/kg 0.0000385 Modeled process
DE: Diesel mix at filling station Sphera [89]

Discharge to the bunker with
wheel loader MJ/kg 0.0057 Modeled process

DE: Diesel mix at filling station Sphera [89]

Transport from the processing plant
to further recycling km 100 GLO: Truck, Euro 4, 12–14t gross

weight/9.3t payload capacity Authors’ assumption

3.2.1. Recycling Option 1: Mechanical Recycling

Mechanical recycling (Table 2) consumes 0.27 MJ per kg of carbon fiber reinforced
composite waste [26,94].

Table 2. Inventory mechanical recycling.

Process Mass Unit Input GaBi Process Assumption/Reference

Mechanical recycling MJ/kg 0.00189 Individually modelled process
DE: Electricity grid mix (2020) ts [26,94]

To determine the energy value, Howarth et al. (2014) [26] used the energy equation
developed after Gutowski et al. (2006) [95]: E = (P0 + kQ)t [26,95]. Here, P0 describes the
basic power, k the specific energy for comminution of a given material, Q the rate of study
and t the total study time. To determine these parameters, 1 kg of carbon-fiber-reinforced
composite sheets with a thickness of 3 mm were fed to an industrial shredding machine. A
basic power of 5248 W, specific energy of 0.218 J/mm3 and a required loading time of 6 min
was measured for the comminution of 1 kg of carbon-fiber-reinforced composite sheets,
and a consequent rate of 10 kg per hour was calculated. Subsequently, these parameters
were used in the energy equation and resulted in process energy of 2.03 MJ/kg. It should
be noted that, according to the machine manufacturer, steady rates of up to 150 kg per
hour are possible. [26] If this rate is used, the energy equation developed by Gutowski et al.
(2006) [95] yields process energy of 0.27 MJ/kg [26,95]. Consequently, mechanical recycling
at high rates or industrial scale is more energy efficient [26], thus reducing emissions per kg
processed material.

The energy consumption of 0.27 MJ per kg of carbon fiber reinforced composite
waste reported by Hedlund-Åström (2005) [94] was provided by the Swedish recycling
company Jomill AB [94]. This energy consumption was offset against the mass of carbon
reinforcement (0.007 kg), resulting in 1.89 × 10−3 MJ. This consumption was modeled in
GaBi using the input process “DE: Electricity grid mix (2020) ts”.

3.2.2. Recycling Option 2: Pyrolysis

Pyrolysis (Table 3) consumes 7.6 MJ (from electricity) and 13.2 MJ (from natural gas)
per kg of carbon fiber reinforced composite waste [55].

These energy-related inventory data were used from a commercial operation of ELG
Carbon Fibre Ltd., according to Meng et al. (2018) [55]. The two energy values were each
offset by the mass of carbon reinforcement (0.007 kg), resulting in 0.0532 MJ (electricity)
and 0.0924 MJ (natural gas). The energy consumption by the electricity was modeled with
the input process “DE: Electricity grid mix (2020) ts” and the energy consumption by the
natural gas with the input process “DE: Natural gas mix Sphera”.
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Table 3. Inventory pyrolysis.

Process Mass Unit Input GaBi Process Assumption /Reference

Pyrolysis MJ/kg
Individually modelled process

[55]0.0532 DE: Electricity grid mix (2020) ts
0.0924 DE: Natural gas mix Sphera

4. Life Cycle Impact Assessment Results: Focusing on the Carbon Footprint

In this study, we use the impact categories according to the CML2001 (August 2016)
methodology [86]. In this section, we refer primarily to the impact category Global Warming
Potential (GWP in kg CO2e). In the first section (recycling phase 1), the selective demolition
up to the transport of the carbon fibers for further recycling is presented as recycling phase
1. Further recycling (mechanical recycling and pyrolysis) is defined as recycling phase 2.
A division of the impact assessment into two sections was made, because the recycling
process of the carbon concrete up to this limit is independent of the further recycling of the
carbon fibers. Future life cycle assessments, which investigate further recycling processes
for the carbon fibers contained in the carbon concrete (e.g., solvolysis), are thus offered
the possibility of applying the emission values determined in recycling phase 1 for the
separation of the concrete from the carbon fibers. Finally, we assume the recycled concrete
partly being used for road construction.

4.1. Recycling Phase 1

Figure 2 shows the GWP in kg CO2e of the recycling process before further recycling
(mechanical recycling and pyrolysis), per process. Among all the processes (listed in
Table 1), transportation to a stationary processing plant shows the highest GWP value,
while screening shows the lowest. The sum of global warming potentials for all processes
totals 4.2 × 10−3 kg CO2e. Among the two processes operated with “DE: Electricity grid
mix (2020) ts” (pre-separation and main separation), the pre-separation has the highest
GWP with 1.2 × 10−3 kg CO2e. For the processes operated with “DE: Diesel mix at filling
station Sphera”, the main crushing shows the highest GWP with 2.7 × 10−4 kg CO2e and
screening shows the lowest GWP with 3.0 × 10−7 kg CO2e. Furthermore, transportation to
further recycling shows a lower GWP with 8.4 × 10−5 kg CO2e.
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4.2. Recycling Phase 2 (‘Second’ Recycling)

Recycling phase 1 is followed by an impact assessment for further recycling of the
carbon fibers contained in the CRC. Figure 3 shows both the GWP of mechanical recycling
and the GWP of pyrolysis. Pyrolysis has a higher GWP of 9.7 × 10−3 kg CO2e than
mechanical recycling with 3.1 × 10−4 kg CO2e.
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Adding the respective GWP of the two recycling processes (mechanical recycling and
pyrolysis) to the GWP of 4.2 × 10−3 kg CO2e calculated in recycling phase 1, we finally
obtain a total GWP of 4.5 × 10−3 kg CO2e from mechanical recycling and 1.4 × 10−2 kg
CO2e from recycling within pyrolysis.

4.3. Use of Recycled Carbon Fiber Fragments

A long residence time of the carbon fibers in the material cycle is the aim since the
carbon fibers represent a valuable and energy-intensive material [12]. Mechanical recycling
and pyrolysis do not yet include a variant in which the carbon fibers are added back to the
material cycle and, for example, a new carbon reinforcement is produced from the recycled
carbon fibers. One theoretical solution is to process the recycled carbon fibers into staple
fiber yarns [12]. In a carding process, the staple fiber yarns can be processed as hybrid yarns
from a proportion of reprocessed carbon fibers and thermoplastic fibers (e.g., polyamide)
and then carded, bundled and deposited on bobbins [12]. Hybrid yarns developed at the
TU Dresden showed a bond strength of 1100 N/mm2, which corresponds to a comparative
value of 48% and 55% of the ‘primary raw material’ strength of the carbon reinforcement of
2300 N/mm2 and 2000 N/mm2 used in CRC at the beginning [12,96]. Considering that,
according to Yang et al. (2015) [45], up to 80% of the tensile strength potential of pyrolyzed
fibers is achieved compared to primary fibers, the recycled carbon fibers resulting from
pyrolysis could be processed into yarn structures and reprocessed into textile structures
(e.g., rods or scrims) as reinforcement in concrete components [12,45].

It should be noted that we do not have exact energy values for the processing procedure
nor a quantitative ratio of recycled carbon fibers in the hybrid yarns given. For this reason,
no further crediting for recycled carbon fibers is performed.

4.4. Reuse of Concrete Fragments

Compared to the recycling of carbon fibers, a view across the system boundary in terms
of the processed concrete fraction is both theoretically and practically feasible. Dwindling
resource sources for the extraction of suitable sands and gravels, as well as the rising cost
of landfilling waste, have contributed to the fact that the recycling of mineral building
materials has long been the focus of practical construction and scientific activities [97].
Moreover, the mineral concrete fraction can be almost completely recycled through single-
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variety processing, as well as theoretically reused several times in an ideal recyclable
material cycle [31].

It is possible to use the concrete fraction recycled in the stationary processing plant
for the production of concrete made of primary raw material. According to Kortmann
(2020) [12], the mineral fraction is in the coarse-grained and wide-graded aggregate 3/56 af-
ter completion of recycling. For the production of concrete, the mineral fraction should
be crushed and classified to the narrow-graded aggregate 2/8 or 8/16. The maximum
permissible volume fraction of the recycled concrete fraction that may be added during the
production of concrete made of primary raw material is defined in DIN EN 12620 (07/2008)
by classification into delivery type 1 or 2 [98]. The two delivery types are defined by DIN
4226-101 (08/2017) [99]. [12] A classification of the recycled concrete fraction into the two de-
livery types is based on the material composition. According to DIN EN 12620 (07/2008) [98],
a volume fraction of up to 45% can be added to delivery type 1 and a volume fraction of up
to 35% can be added to delivery type 2 in the production of concrete made of primary raw
material [100].

Despite an existing mass fraction of the reinforcement structures of 0.023% within the
recycled concrete fraction, the concrete fraction can be assigned to delivery type 1, since
the plastic mass fraction is less than 1%. Consequently, no additional separation of the
remaining reinforcement structures in the recycled concrete fraction is necessary, and it can
be crushed and classified directly for further use as a substitute material for the production
of concrete made of primary raw material to a narrow-graded grain size of 2/8 or 8/16 [12].

To investigate a potential emission saving by using the recycled aggregate from the
concrete demolition, a comparison to primary raw material concrete is made. For this
purpose, it was assumed that the resulting recycled concrete fraction, as described by
Kortmann (2020) [12], corresponds to the grain size 3/56 and is first crushed to a narrow-
graded grain size 8/16 and 2/8 [12]. Furthermore, it was assumed that the recycled
aggregate is transported to another stationary processing plant where it is crushed. In
this respect, we follow the process sequence, as well as the results of the research project
of the University (BTU) Cottbus, worked on by Mettke and Heyn (2010) [79], which
examined the process sequence for the production of the recycled aggregate in a stationary
processing plant of the company Scherer + Kohl GmbH and Co. KG concerning the energy
consumption [79]. The evaluation in GaBi showed that the preparation of 0.993 kg of
concrete fraction has a total GWP of 6.9 × 10−3 kg CO2e.

To compare the production of concrete without the use of the recycled concrete fraction
with the production of concrete with the use of recycled material, a concrete formulation
must first be defined. For this purpose, the commonly used concrete C30/37 from the
company TBS was used [79] (Figure 4).

Concerning the production of one m3 of common used concrete C30/37, the GWP
that arises for the 2/8 and 8/16 gravel is determined below. For this purpose, the input
process “DE: Gravel (Grain size 3/32)” was used, according to which the production of
1 kg of gravel has a GWP of 2.8 × 10−2 kg CO2e. It should be noted that in GaBi no exact
differentiation of grain sizes was possible, so it is simplified to assume that the production
of 1 kg of gravel shows the same GWP for both grain sizes 2/8 and 8/16. For the production
of one m3 of common used concrete C30/37 according to TBS, 363 kg of 2/8 gravel and
729 kg of 8/16 gravel are required [79]. Offsetting the mass of gravel required per m3 of
common used concrete C30/37 with the GWP of 1 kg of gravel results in a gravel-derived
GWP of 30.6 kg CO2e per m3 of common used concrete C30/37.

The recycled concrete fraction is assigned to delivery type 1 and can accordingly
be added to the production of concrete made of primary raw material up to a volume
fraction of 45%. According to the data of Mettke and Heyn (2010) [79], 34.5% of the
concrete demolition waste is converted into 8/16 grain size and 13.8% into 2/8 grain size.
Consequently, from the 0.993 kg of recycled concrete fraction, a total of 0.343 kg is processed
into 8/16 grain size and 0.137 kg into 2/8 grain size. Since for the production of one m3

of common used concrete C30/37 (without the use of the recycled concrete fraction) no
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differentiation was possible for the GWP of the different grain sizes of the gravel (2/8 and
8/16), it is also assumed here that both grain sizes have the same GWP. Previously, the
GWP for the processing of 0.993 kg of concrete fraction or the resulting recycled 0.137 kg
of the 2/8 and 0.343 kg of the 8/16 aggregate was determined to be 6.9 × 10−3 kg CO2e.
Assuming that the GWP is not differentiated for the aggregate sizes, the GWP is 0.014 kg
CO2e per kg of recycled aggregate. If the total gravel required to produce one m3 of
standard C30/37 concrete (363 kg of 2/8 gravel + 729 kg of 8/16 gravel = 1092 kg of gravel
in total) is composed of 45% recycled aggregate, the GWP is 23.7 kg CO2e.

Thus, with the use of the recycled aggregate in the production of one m3 of common
used concrete C30/37, a total of 6.9 kg CO2e per m3 of common used concrete C30/37 is
saved compared to the production without the use of the recycled aggregate (substitution
of gravel), which corresponds to a percentage reduction of 22.5%.
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5. Discussion and Limitations

In this study, we consider the EoL of CRC. The sustainability assessment of CRC of
the EoL is highly relevant, as it enables the environmental impact of the recycling process
to be determined at an early stage and can thus address the question of whether CRC has
the potential to play a decisive role in improving the built environment given the current
climate crisis. This question must be answered as early as possible, since the intended com-
mercialization of CRC, mainly motivated by concrete or cement savings, is accompanied
by a large investment in research and development as well as the establishment of new
construction guidelines. For these reasons, the LCA of the EoL of CRC must in the future be
connected to an analysis of the environmental impacts of the production and use stages to
map the complete life cycle of the material. This connection would allow a comprehensive
comparison of the environmental performance of CRC with conventional variants, such as
steel-reinforced concrete.

Within the system boundaries, the selective demolition and the transport of the carbon
fibers for further recycling were defined as recycling phase 1, while the further recycling
(mechanical recycling and pyrolysis) as recycling phase 2. For recycling phase 1, transport
to the stationary processing plant showed the highest GWP with 1.4 × 10−3 kg CO2e, and
screening showed the lowest GWP with 3.0 × 10−7 kg CO2e. Transport to the stationary
processing plant, as the main driver of GWP, highlights the need for processing plants at a
short distance that have the technical implementation capabilities to recycle CRC. It stands
out that among the processes taking place in the stationary processing plant, the only two
processes powered by electricity, the pre-separation with 1.2 × 10−3 kg CO2e and the main
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separation with 8.9 × 10−4 kg CO2e, also show the largest GWP. The use of renewable
energy sources could lead to further emission savings.

For the subsequent recycling phase 2, pyrolysis showed a higher GWP with 9.7 × 10−3 kg
CO2e than mechanical recycling with 3.1 × 10−4 kg CO2e. It should be emphasized that
although mechanical recycling shows a lower GWP, the inferior quality of the recycled
carbon fibers and the resulting lower range of recycling options for new products represent
significant disadvantages compared to pyrolysis. The importance of the closed material
cycle and the associated preparation of the recycled carbon fibers into a new carbon
reinforcement is emphasized in this work. This stems from both the high energy input
and the dependence on the non-renewable raw material petroleum for the production of
primary carbon fibers. In this respect, mechanical recycling represents the overall process
with the lowest energy input but does not have the decisive potential to close the material
cycle compared to pyrolysis.

In this work, it was also assumed that the concrete fraction separated from the CRC and
subsequently recycled can be successfully used as a substitute material for the production
of concrete made of primary raw material. It was determined that with the use of the
recycled material in the production of one m3 of common used concrete C30/37, 22.5% of
primary raw material concrete GWP could be saved. These results illustrate two important
points: first, the emission savings through the use of recycled aggregate and second, the
possibility of partially closing the material cycle of the concrete fraction.

The central limitation of our study arises from the fact that CRC is a new type of
composite construction material, and no primary data is currently available for the energy
consumption of recycling. Consequently, the consumption data used in the life cycle
inventory are secondary data not explicitly related to CRC. Therefore, the implemented
data only provide reference values for a possible recycling process. The life cycle inventory
is also limited by the fact that:

• The consumption data of the selective demolition according to Klingler et al. (2021) [89]
refer to weakly reinforced concrete and not CRC [89];

• The calculation of transport distances only represents a theoretical approximation [12,92];
• Energy consumption represents the average electricity consumption of German com-

panies, determined from previous literature [89,93], not measured values;
• Operating conditions such as pyrolysis and oxidation temperatures, residence time

and reaction atmosphere of the ELG Carbon Fibre Ltd. pyrolysis plant were not
reported by Meng et al. (2018) [55] (only the total energy consumption), and energy
consumption may differ significantly compared to other pyrolysis plants [55];

• A variance in energy consumption results from the different machines is possible for
mechanical recycling.

These limitations should be optimized in subsequent studies by using primary data
from recyclers that explicitly recycled CRC. This requires both details on pyrolysis and any
energy consumption. In addition, the consideration of the entire life cycle is relevant, and
also the direct comparison with a functionally comparable reinforced concrete component
will provide further insights regarding the environmental performance of CRC.

6. Conclusions

This study aimed to assess the environmental performance of the recycling of CRC
considering the scenarios of mechanical recycling and pyrolysis and to determine the
associated energy consumption to enable an environmental assessment (focusing GWP) of
CRC at the end of its life cycle.

To date, articles on CRC have not fully considered recycling in terms of its environ-
mental impact. Very few studies have looked at the EoL of CRC. The novelty of this article
is the detailed presentation of possible EoL scenarios for CRC and the detailed determi-
nation of the respective environmental scenarios for a double wall of CRC. Especially for
practitioners in the construction sector, the relevance of this article is that the entire life
cycle of new material such as CRC should be considered, especially during the design
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phase. Moreover, the EoL can have relevant impacts on the environmental emissions, and
due to an increasing interest in sustainability in the construction sector, our LCA scenarios
clarified first approaches for the future of this sector. The determined energy consumption
for the elaborated recycling process meets the lack of primary data of CRC recycling and
enables future life cycle assessments, which, e.g., investigate further recycling methods for
the carbon fibers contained in the CRC to apply the used energy input data, which accrue
for the separation of the concrete fraction from the carbon fiber fraction.

The LCA with the system boundary demolition to recyclable material, with the func-
tional unit of 1 kg of recyclable material from a double-wall according to Otto and Adam
(2019) [88] was modeled using literature-based data in GaBi ts software and CML2001
(2016) methodology. The main drivers of the GWP represent transport and pyrolysis. For
the demolition and separation of both the concrete and the carbon fiber fractions, the
conventional transport from the demolition site to the stationary processing plant proved
to be the main driver of GWP (1.4 × 10−3 kg CO2e). In the subsequent processing of carbon
fibers, pyrolysis showed a higher GWP (9.7 × 10−3 kg CO2e) than mechanical recycling
(3.1 × 10−4 kg CO2e). It should be emphasized that although mechanical recycling shows
a lower GWP, the inferior quality of the recycled carbon fibers and the resulting lower
range of recycling options for new products represent significant disadvantages compared
to pyrolysis.

The concrete fraction separated from the CRC and subsequently recycled can be suc-
cessfully used as a substitute material for the production of concrete made of primary raw
material. The use of the recycled material in the production of one m3 of commonly used
concrete C30/37 corresponds to a percentage reduction of 22.5% (saving of 6.9 kg CO2e).

Finally, further studies should consider the entire life cycle of CRC (including con-
struction, life time and EoL) and ensure a direct comparison with a functionally equivalent
component made of steel-reinforced concrete.
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CF carbon fiber(s)
CFRP carbon fiber reinforced plastics
CRC carbon reinforced concrete
DIN Deutsches Institut für Normung
EoL End-of-Life
EP epoxy resin
FU Functional Unit
GWP Global Warming Potential
LCA Life Cycle Assessment
LCSA Life Cycle Sustainability Assessment
MRL Manufacturing Readiness Levels
PAN polyacrylonitrile
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RCA recycling concrete aggregate
rCF recycled carbon fiber
SBR styrene-butadiene rubber
vCF virgin carbon fiber
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