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Executive summary 

With the rapid development in CO2 capture, utilization and storage (CCUS), new technologies are 
being developed for CO2 utilization to create new CCUS value chains and to increase value from 
CCUS. One of the technologies being developed in recent years is to produce carbon nanofiber (CNF) 
and carbon nanotubes (CNT) from CO2 instead of for example from methane or other material 
inputs. CNF and CNT have shown a wide use as additives to improve material properties. The 
potential huge amount of CO2 available through future implementation of CCUS offers a great 
opportunity to scale up CNF/CNT for increasing market share. This can in turn lead to high availability 
of construction materials with improved properties, where these improvements can lead to reduced 
amounts required to fulfil a given task. For example, adding small amounts of CNF to cement may 
lead to a reduction in the amount of cement needed in concrete, or a small addition of CNF in 
polypropylene can improve the material strength, which may lead to prolonged product lifetime, 
leading to less production. Less material need will in turn lead to reduced CO2 emission from its 
production process or from raw materials. 

The purpose of this perspective study is to give a high-level estimation of potential CO2 emission 
reduction by use of CNF/CNT produced from CO2 through improved material properties leading to 
reduced production quantity. The study is limited to look at 3 materials with high market share: 
Carbon electrodes for batteries, plastic materials such as polyethylene (PE)/ polypropylene (PP) and 
cement.  

As a preliminary study, only simple estimations in order to identify the parameters of high impact 
and the order of magnitude of important factors influencing the direct CO2 emission reduction are 
considered, using historical information as well as future predictions from relevant industries. The 
study is based on open literature and data, including scientific publications and web pages from raw 
material producers, product producers, and others. There are large variations, uncertainties, and 
lack of information which will require more detailed and specific studies to refine the estimates 
beyond the work of this report. However, some high-level conclusions can be drawn. 

Main conclusions: 

1) There will be huge market potential for CNF/CNT products in the future, both due to the rapid 
technology development in CNF/CNT material improvement in the past decade, and due to 
forecast of the CNF/CNT growth and need in the future.  

2) Demand from investments and/or intermediate products/services in the Norwegian-based 
rubber/plastics, electrical equipment and non-metallic mineral industries represent a very 
large market. 

3) Since CNF/CNT can greatly improve material properties leading to reduced production amount, 
the direct CO2 emission reduction potential due to CNF/CNT additives is huge, more than 2 Gt 
in the next 10 years. However, this will require industrial scale adoption in new products and 
fast upscale of CNF/CNT production capacity to the market needs. This requirement will limit 
the realization of the CO2 emission potential. Future technology for upscaling CNF/CNT 
production capacity and to reduce cost are the keys to accelerate its larger market adoption 
from its current high-value products to must-have additives in a wide range of new and 
improved materials.   
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4) Rechargeable Li-ion battery production is growing at a rapid rate globally, primarily due to 
increased demand from the electric vehicle (EV) sector. The CO2 emission related to this 
production is estimated to be 22 Mt/y in 2020, and it may increase by a factor of 10 within a 
decade unless production technologies improve. Adding CNF to the material mix may increase 
the performance of batteries. The potential for performance improvements from CNF addition 
is present for currently dominating graphite anode, but it seems even more promising for next 
generation silicon-based anodes. 

5) In the last decade, a great scientific effort has been focused on optimizing production methods 
that facilitates favourable CNFs/CNTs dispersion in the polymer matrix to achieve desirable 
mechanical and electrical properties of new composite materials. Several scientific publications 
clearly show that it is possible on laboratory scale. The upscaling of technology to industrial 
level will however require significant R&D effort in the future. Multi-functional properties of 
carbon-based nanofillers such as carbon nanotubes and nanofibers, and graphene 
nanoparticles (GNPs) have shown extraordinary effects for significant improvements in 
thermal, mechanical, and electrical properties of thermoplastics (e.g., PE, PP, polyvinyl-chloride 
(PVC), polystyrene (PS) polyamides (PA), etc)[1]. Reliable estimates for resulting reductions in 
CO2 emissions will depend on this effort.  

6) CNFs can be added to cement to increase the compressive strength of concrete and thereby 
reduce the concrete demand world-wide. As a rough, optimistic estimate, a reduction in CO2 
emissions from cement production of about 10 % may be achievable. This corresponds to a 
reduction of about 250 Mt/y world-wide, or 0.1 Mt/y in Norway. This is much smaller than what 
can be obtained through other, simpler measures, but a combination of CNF and other 
measures can still be useful.  

7) Norway as a forerunner in CCUS and with its generally competitive technology level and 
abundant renewable energy resources is well positioned to take the position as the future 
major supplier of industrial scale CNF/CNT. 
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2. Background 
Bergen Carbon Solutions (BCS) has developed a new cutting-edge technology to produce CNFs from 
CO2 and are currently producing at their facilities in Flesland, Bergen. In this context, BCS has the 
ambition to become the largest producer of CNFs utilizing carbon sourced directly from industrial 
flue gas, releasing in the atmosphere O2 instead of CO2.  

BCS has made some rough estimates of possible reduction in CO2 emissions from addition of CNFs 
to a few high-volume materials. To extend this, BCS has asked NORCE to prepare a whitepaper 
showing the reduction in CO2 emissions that can be achieved by adding CNFs to some selected 
materials. Relevant products shall be considered within the materials concrete, the polymers 
polypropylene (PP) and polyethylene (PE), and possibly also graphite anodes for batteries. Economy, 
price, or time shall not be considered, and neither shall the production process at BCS. NORCE will 
clearly mention limitations, assumptions, and possible challenges that should be investigated in 
more detail. 
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3. Method 

3.1. Simplified CO2 reduction estimates 

Higher and lower boundaries for the effect of CO2 reduction directly due to the adoption to CNF/CNT 
can be estimated. Detailed life cycle analysis (LCA) may indicate this effect’s variabilities within these 
boundaries. The high-level input to make the CO2 reduction envelope is based on the available 
inventory data (some are recently updated; others might be out of date): 

- Selected sectors (in this report PP/PE, cement, battery), 
- Future global market growth of CNF/CNT and its market share (~16-17% of the nanofibre 

share) 
- CO2 reduction by other measures in selected sectors  
- Technology impact and adoption speed 
- Technology scalability  

One simple example of such a simplified envelope for cement is shown in Table 1. The data source 
“IEA 2018 – Fig 5” is given here as Figure 1. The quick conclusion is that there is a not a very large 
CO2 reduction potential despite of the large quantity of cement production. This is due to the 
ambitious future CO2 reduction from cement industry, in addition to the fact that it does not seem 
realistic to supply sufficient CNF/CNT to achieve the required quantity for the need of improved 
cement properties. In the case below, the input for technology take up and realistic need of 
CNF/CNT versus its future price will heavily influence the outcome. 

Table 1. CO2 reduction envelope for cement 

 

YEAR   2014 2020 2025 2030 2035 2040 2045 2050
Estimated 

Total 2025-
2030

Estimated 
Total 2025-

2050

Scaling 
factor Data Source*

Cement project (IEA report - 2018)
Global Cement production 
forecast (Mt cement/year) 4000 4000 4100 4200 4250 4300 4500 4700 24 900        112 650      IEA 2018 - Fig 5

Global CO2 emission (B2DS 
Direct CO2 (MtCO2/Y) 2250 2230 2100 1800 1700 1400 1000 900 11 700        38 500        IEA 2018 - Fig 5

Intensity CO2/t cement (kg/t)
563        558           512        429        400        326        222           191           IEA 2018 - Fig 5

CNF/CNT for CO2 emission reduction

Adding % CNF/CNT
0.01 %

Add % CNF/CNT lead to reduced 
annual cement prod (MT) 3600 3600 3690 3780 3825 3870 4050 4230 22 410        101 385      10 %

Add % CNT lead to annual CO2 
emissio reduction (MT) 225 223 210 180 170 140 100 90 1 170          3 850          10 %

CNF/CNT needed (MT)
0.40 0.40 0.41 0.42 0.43 0.43 0.45 0.47 2.49 11.27

CNF/CNT production capacity needed

Production capacity ton/year 
(lack of data)** 1 000     5 000        6 000     7 200     8 640     10 368   12 442      14 930      39 600        256 038      20 %  

100%  increase of prod capacity 
every 5 years 1 000     5 000        10 000   20 000   40 000   80 000   160 000    320 000    90 000        2 490 000   100 %

200%  increase of prod capacity 
every 5 years 1 000     5 000        15 000   45 000   135 000 405 000 1 215 000 3 645 000 180 000      19 980 000 200 %
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Figure 1. Cement forecasts from IEA 

A short notice is that if 0.01% CNF/CNT may lead to 10% global reduction in the cement production 
need, it may lead to around 1 170 MT reduced CO2 emissions in total from 2025-2030, and 3 850 
MT from 2025-2050 (Table 1). However, the need of 2.5 (11.3) Mt CNF/CNT total in the same time 
periods seem to be unrealistic even with doubled production every 5 year (~20% annual increase), 
shown in Figure 2 green curve. The increase of 200% every 5 years (~50% annual increase) is needed 
to saturate the market potential, shown in the blue curve in Figure 1. 

 

Figure 2. CNF/CNT production capacity compared to possible future requirements 
from the cement industry for reduction of CO2 emissions 
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3.2. Life Cycle Analysis 

In general, LCA can be used to assess, among others, Global warming potential (GWP), Terrestrial 
acidification potential (TAP), Freshwater eutrophication (FEP), Marine eutrophication (MEP), 
Human toxicity (HT), Photochemical oxidant formation (POF), Particulate matter formation (PMF). 
In the present work, only GWP is considered, expressed as tons CO2 emitted[2]. 

In order to perform a complete LCA of a particular product, knowledge of the entire value chain 
leading up to the production of the product, the use of the product (especially the lifetime) and the 
after-use fate of the product, recycling etc. is required. In this work the necessary information for a 
such an evaluation is not available. Instead, we try to estimate emission reductions for future 
products of superior performance, compared to an existing similar product. The estimated 
reductions will be based on an assumption of a lower material need and/or increased lifetime of the 
superior product. The production and after-use of the existing product and the enhanced product 
is treated as being similar per kg, even though this is not the case. This is done because the enhanced 
product is expected to be produced in a similar way to the existing product, but with the addition 
of a small amount, up to a few percent, of CNF.  

 

3.2.1. Concrete 

Accurate comparisons for constructions made of different materials require detailed mechanical 
calculations, see e.g. Larsen et al.[3] for a comparison of bridges made from normal strength 
concrete (NSC) and ultra-high performance concrete (UHPC). From given loads and environmental 
conditions they found the required amounts of material (concrete constituents and steel) for the 
two alternatives. The required bridge cross-sections were used to find the amounts of material, and 
transport was also included. The results were used to compare the environmental footprint of the 
two solutions.  

This kind of computations are beyond the scope of the present project. It was therefore chosen to 
compare the improved material properties from adding CNF to the more mature UHPC. Then, 
published work on the environmental effects of substituting UHPC for NSC was used to estimate the 
possible effect of adding CNF to cement.  

3.3. Other factors to consider 

The complete picture for resulting CO2 reduction due to the market uptake of the CNF/CNT is 
complicated and will depend on a number of parameters which must be predicted. Below are some 
of the factors, and their expected impact: 

- Expected cost and price of technology development with time 
- Expected CNF/CNT production capacity increase influenced by the market price which again 

is related to the speed of the upscaling of the production capacity and new material 
development. 
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- Nanofibers produced from other 
materials such as from polymeric / 
ceramic / glass, etc., and carbon 
nanofiber currently has a market 
share of 17%, and is expected to 
increase to 22% by 2028) 

- Increased lifetime of products with improved properties will reduce the need for or increase 
the time interval for replacement. 

- Different % of additives for different usage will also influence the total needed products. 
- The energy cost for CNF/CNT is currently considered minimum as compared to the total 

energy required for the material production.  
- New technology and implemented CO2 reduction measures (e.g. use 30% biomass for power 

generation and CO2 capture at NORCEM) for the future material production. 
- Carbonation of concrete over time will adsorb 70% of released CO2 from the calcination 

process which represent 2/3 of the total CO2 emission from the cement production. 
Carbonation is further discussed in section 7.5.3. 
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4. Carbon nano fibres and nano tubes 

4.1. Definition of carbon nano fibres 

CNFs are, according to Yazdani and Brown[4], defined as “cylindrical nanostructures with graphene 
layers constructed in the shape of cups, cones, or plates, with an average diameter of 70 – 200 nm, 
and an average length of 50 – 200 μm”. CNFs in powder form and as seen in a scanning electron 
microscope (SEM) image are shown in Figure 3. 

 

Figure 3. CNFs in powder form and as a SEM image at 3 μm, from Yazdani and 
Brown[4] 

Some mechanical properties of CNFs and CNTs from Tyson et al.[5] are listed in Table 1. For 
comparison, the Young’s modulus of diamond is 1220 GPa, and that of SiC is 450. Further, the tensile 
strength of stainless steel is 0.9 GPa. This shows that CNF and CNT are indeed stiff materials with 
high tensile strength. 

Table 1. Some mechanical properties of CNFs and CNTs[5] 

Property CNF CNT 

Young’s modulus [GPa] 400 1 000 

Tensile strength [GPa] 7 60 

Ultimate strain [%]  12 

 

This study is limited to CNFs, BCS’ product. Some different forms of this product are illustrated in 
Figure 4. 
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Figure 4. Illustration of different forms of CNF, (a) platelet-type, (b) tubular-type, 
and (c) fishbone-type. From Cheng et al.[6] 

4.2. How carbon nano fibres are used 

The book The Global Market for Nanofibers 2021-2031[7] gives valuable insight to this topic: 

Nanofibers have exceptionally high surface area-to-volume ratio and high 
porosity, which makes them attractive materials for a range of 
applications. Their use is growing in drug delivery systems, medical 
implants, water and air filtration, face masks and protective clothing. The 
new BMW electric M-series automobile incorporates nanofiber air 
filtration. 

They have wide-ranging morphologies, and are produced using a variety 
of materials such as: 

• Natural polymers 

• Synthetic polymers 

• Carbon nanomaterials (carbon nanotubes, graphene, carbon nanofibers) 

• Semiconducting materials 

• Composite materials 

• Chitin 

• Wood and other pulp (cellulose nanofibers) 

Techniques such as centrifugal spinning, electrospinning, meltblowing and bicomponent spinning 
have been studied extensively for the production of nanofibers with varying degrees of commercial 
success. There have also been several new synthesis methods developed. The market for nanofibers 
generally encompasses polymer nanofibers, alumina nanofibers and to a lesser extent carbon 
nanofiber and cellulose nanofibers. This report mainly focused on electrospun nanofibers. 
 
The main applications current of nanofibers are: 

• Air/water filtration (membranes) 
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• Composites 

• Bio medical (bone/skin regeneration, tissue scaffolds, hydrogel bandages for woundcare, 
antimicrobial wound dressings) 

• Protective textiles 

• Flexible sensors for wearable electronics 

• Energy Storage (battery separators, conductive additives for batteries) 

• Skincare 

4.3. CNF production volume and energy need  

There is no open info about the production quantity, only the market size in value (USD). According 
to the Market Analysis Report book[8], ‘the global nanofibers market size was estimated at USD 
477.7 million in 2016 and is expected to register a CAGR of 25.2% over the forecast period.’ The same 
source presented Figure 5. This is without unit, but it shows the type of nanofibers and their relative 
market share.  

 

Figure 5. US Nanofibers market size[8] 

With likely high price per kilo, ~500 – 2500 USD/kg (best guess based on various sources), this 
indicates a global production of 40 – 200 tons nanofibers in 2016 (based on ~80 MUSD in 2015, see 
Figure 5), with a small fraction ~16% of CNF, ~ 6-32 ton. With the proposed CAGR of 25% the total 
production by 2030 would be in the order of 146 000 – 728 000 t/year, and 13 – 63 Mt/year by 2050, 
still a relatively small tonnage as compared to raw material such as cement and plastic. This is 
summarized in Table 2. The production can increase with much higher rate if new materials are 
developed with CNF as additives.  
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Table 2. Projected market growth of CNF in US (estimated based on ref [8]) 

 25% CAGR 
 Ton / Year 
  2500 USD/kg 500 USD/kg 

2020                        16                         78  
2025                        48                      238  
2030                     146                      728  
2040                  1 355                   6 776  
2050                12 622                 63 109  

 

Another important factor is the energy need for CNF production. According to the publication by 
Khanna et al.[9], for converting CNF from methane, the energy need is around 10 000 MJ/kg, which 
is around 2778 kWh/kg (1 MJ=0.2778 kWh), an energy intensive process. Using an efficient catalyst 
to crack CO2 will reduce the energy need significantly, say 20 times less, to ~ 150 kWh/kg. As 
comparison, a 4 MW wind turbine with 50% effective production time produces about 17.5 GWh, 
which may supply energy for about 126 tonnes CNF per year, and ~ 500 wind turbines of 4 MW to 
produce 63 109 ton of CNF (market growth by 2050 in Table 7), and the market need given in Table 
1 is ~ 400 000 t/year, a factor of 6 times more. This rough calculation indicates that the energy 
intensity for CNF production must be reduced dramatically to reach million tons scale. 
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5. Battery anodes 
In the production of rechargeable batteries several key performance factors must be met: Energy 
storage capacity, charging and discharging rate, energy efficiency and cyclability. The choice of 
battery technology is based on a compromise of optimizing these factors and at the same time 
keeping costs low. Currently the most common choice for rechargeable EV batteries are Li-ion 
batteries with carbon anodes. For these batteries the anodes are of critical importance for two 
reasons. The energy storage capacity is limited by the anode size, even though it comprises the 
majority of the battery’s mass. The cyclability of the battery is limited due to the degradation of the 
anode caused by volumetric expansion/contraction during charging and discharging. 

5.1. Battery market development 

The annual global production of Li-ion batteries is currently close to 300 GWh capacity, and it is 
expected to grow rapidly in the next decade, roughly by a factor of 10, as illustrated in Figure 6. 

An alternative to the dominating carbon-anode based batteries is silicon-anode based batteries with 
both metallic silicon and silicon oxide as possible materials. For 2020 the market share of silicon-
based anode batteries was 3%, but their market share is expected to grow. 

 

Figure 6. Annual lithium-ion battery demand 

5.2. CO2 footprint of Li-ion batteries 

According to Melin[10] the emissions of GHG related to producing Li-ion battery cells is 73 kg 
CO2e/kWh, of which the materials for the anode account for 5.4 kg CO2e/kWh. Based on an annual 
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production of 300 GWh in 2020, this equivalates to 22 000 000 tons of CO2e for the entire battery 
cell, and 1 600 000 tons of CO2e for the anode materials. 

Given the large GHG emissions related to Li-ion battery production, a small improvement in the 
battery performance, either in increased energy density or longer lifetime, can have a significant 
impact on the global emissions. 

5.3. Improvements in carbon-based anodes 

For carbon-based anodes, the theoretical limit for energy storage is 372 mAh/g, making it the most 
critical part of the cell in terms of total energy storage density. The anode material has to be 
micro/nano structured in order to produce a large solid-electrolyte interface. Several techniques 
exist to achieve this and adding CNF to the anode material has been proposed as a way to promote 
an optimal structure. Laboratory experiments by Park et al.[11] and Camean et al.[12] showed that 
adding a small amount of CNF in the anode material improved the energy density compared with 
similar cells made without CNF of up to 20 %. Camean et al. reported anode energy density of 320 
mAh/g after 50 cycles. These numbers should be compared with claims by Tesla that their cells have 
an energy density of 265 mAh/g measured on the cell level, not on the anode only, and more than 
90% of initial capacity after 1500 cycles. For a cell voltage of 3.6 V and anode mass fraction of 22% 
the improved laboratory numbers are similar to the current production of Tesla batteries. Unofficial 
industrial sources claim 350 mAh/g is currently achieved on the anode only. 

For carbon-based anodes, it is obvious that some kind of micro/nano structure is required. Blends 
containing CNF have shown to be at least comparable in performance to standard production, and 
laboratory tests have shown that similar anode material mixture with CNF are superior to mixtures 
without. However, research is still needed to find suitable ways to utilize this in commercial 
production, and with standard production without CNF surpassing 90% of theoretical charge density 
limit, and cyclablity compared to the lifetime of electric vehicle, the margin for improvement is 
small.  

Battery technology is still developing rapidly, and the production process should be optimized based 
on a combination of raw materials and processing procedures, hence future advances in processing 
technology may be able to utilize the unique properties of CNF beyond what is known today. Apart 
from energy density and cyclability, charging velocity is of increasing importance. With CNF 
additions reducing the electrical resistivity, this could be a key advantage for CNF addition. 

5.4. Silicon anode improvement 

Li-ion batteries with silicon-based anodes have often been proposed as the next generation battery 
technology due to their potentially higher energy density. However, these batteries have had 
challenges with poor cyclability, or very high production cost due to the use of silicon nanowires or 
other micro structuring techniques. Anodes based on a mix of silicon and different carbon material 
have been researched as an alternative, and several research groups have reported promising 
results[13]. This field is still immature and under development. The optimal material mix is also not 
obvious, both in terms of what type of materials to use, and the proportions. CNF offering a 
combination of large surface area, favourable electrical conductivity and strength is a possible 
candidate among other choices. 
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For present day technology, the battery pack constitutes roughly 25 % of the total weight of an 
electric vehicle. Increased energy density in batteries will not only reduce the CO2 emissions related 
to production of the batteries but will also reduce the weight of the vehicle. Reduction of total 
vehicle weight of 5-10% seem within reach with unchanged vehicle performance. This has positive 
side effects in terms of lower energy requirements during operation and lower demands on support 
systems, reduced tire wear etc. 
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6. Polyethylene (PE) and polypropylene (PP) 

6.1. Plastics origins and production 

The lifecycle of plastics starts primarily from fossil fuel feedstock consisting mostly of petroleum 
products from crude oil and lighter hydrocarbons found in natural gas. Fossil fuel feedstocks for 
plastic production are outputs of the oil and gas production and refining processes. This represents 
the earliest stage of the plastics value chain and is the basis for a sequence of further 
transformations that result in final plastic products. In general, the plastics begin as fossil fuel, and 
greenhouse gases are emitted[14] at every stage of its lifecycle including a) extraction and transport, 
b) plastic refining and manufacturing, c) managing plastic waste, d) its ongoing impact in oceans, 
waterways and landscape. The great majority of produced plastic (99%) is derived from fossil fuel. 

Chemical products are an integral part of modern society found in everyday life (e.g., plastics, digital 
devices, detergents, tyres, fertilisers, etc) but also in modern energy systems (e.g., solar panels, wind 
turbines, batteries, thermal insulation for buildings, etc.). A steady period of growth in the 
production from the chemical and the petrochemical sector (i.e., petrochemicals are a subset of the 
industrial chemical sector with origin in petroleum derivates) is clear proof of the global society’s 
dependence on chemicals. For instance, global demand for the most familiar petrochemical 
product, plastics, has surpassed global demand for steel, aluminium, and cement (Figure 7) since 
the start of the millennium[15].  

 

Figure 7. Production growth for selected bulk materials and gross domestic 
product (GDP). The y-axis is GDP-index, where 1971=100 (Agency 2018). 

The industrial scale production of plastics started at annual rate of 2 Mt in the 1950s[16] and 
increased to 380 Mt in 2015, at a compound annual growth rate of 8.4%[14]. The annual global 
production of plastics today has reached 415 Mt[17] and it is projected to quadruple by 2050[18]. 
In Europe, plastic production reached 57.9 Mt in 2019 which is 6.3% lower than in 2018[19].  

Mass-produced plastics includes polymer resins, synthetic fibers, and additives. The most common 
plastics include polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET), 
polyvinylchloride (PVC), polystyrene (PS), and polyurethane (PUR) resins; and polyesters, polyamide 
and arylic (PP&A) fibers. According to Geyer et al.[14], PE and PP account for 36.3% and 21%, 
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respectively, of 7,300 million tons plastic resins and fibers produced in the period between 1950 
and 2015. It is worth mentioning that packaging is the largest single-use category for both PE and 
PP. 

6.2. Situation today 

6.2.1. Annual greenhouse gas (GHG) emissions from plastic production and 
mitigation strategies 

If plastic production and use continue to grow as projected, the GHG emissions from plastics would 
reach 15% of the global carbon budget by 2050[20]. The analysis performed by Zheng and Shu[21]  
showed that fossil fuel-based plastics produced in 2015 emitted 1.8 GtCO2e over their life cycle, 
excluding any carbon credits from recycling. This represents 3.8% of the 47 GtCO2e emitted globally 
that year[22]. It is therefore expected that global life-cycle GHG emissions of conventional plastics 
will grow to 6.5 GtCO2e by 2050, the current production pace assumed.  

To help stop the expanding GHG, mostly carbon emissions of plastic production, the following 
strategies are proposed:  

1. Fossil fuel-based plastic replacement by bio-based plastics (non-biodegradable and 
biodegradable)[23], [24] and polymer-composite materials[25], [26]  – thereby decoupling 
plastics from fossil feedstocks[20]. 

2. Low-carbon energy solutions (renewable-energy) applied in production and 
manufacturing[27]. 

3. Increasing global recycling rates of end-of-life (EoL) plastics[28].  
4. Reducing in half annual growth rate of global plastics demand to 2%. 

6.2.2. Application areas of plastics 

Plastics are valuable and unique materials covering a wide range of applications from household to 
industry. There are several key characteristics of plastics that make them highly competitive as a 
material:  

• Strength and low density (packaging, household, automotive industry, etc.) 
• Moldability into complex shapes (construction, etc.) 
• Durability (antioxidative properties, light stabilisers, flame retardants, enhanced 

photodegradable resistance, etc.) 
• Biological and chemical inertness (packaging, medical equipment, etc.) 
• Electrical and thermal insulators (electrical hardware, electronics, etc.) 

There are over 80.000 different plastic compounds or mixed plastic formulation, commercially 
available today[29]. These materials can be divided into 20 chemically distinct classes of polymers 
(i.e., long chain molecules) such as polyethylenes (PE), polypropylenes (PP), polystyrenes (PS); and 
fibres such as polyester, polyamid and acrylic (PP&A), etc.  

Geyer et al.[14]  presented a detailed material flow model where the global data on production of 
plastics, application areas, and end-of-life fate of polymer resins, synthetic fibres, and additives 
were combined. This was the first global analysis of mass-produced plastics ever made with focus 
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on consuming sector of resins, fibre plastics and additives (i.e., substances added to a pure polymer 
matrix to enhance its properties). The complete list of end-user markets is also provided in Table 
3[19]. A global shift from reusable to single-use plastic containers has accelerated the application of 
plastics in packaging, which is still plastics’ largest marked.  The three biggest end-user markets 
(packaging, building and construction, and automotive) constitute almost 70% of plastic demand.  

Table 3. Distribution of European plastic demand by segment in 2019[19]   
End-user markets Plastic demand by segment in 2019 

Packaging 39.6 % 

Building and construction 20.4 % 

Automotive 9.6 % 

Electrical and electronics 6.2 % 

Household, leisure and sport 4.1 % 

Agriculture 3.4 % 

Others 16.7 % 

 

Geyer et al., have also modelled accumulated plastic waste and provided the expected product 
lifetime distributions from different sectors (Figure 8). The plastic waste from industrial sectors with 
the shortest lifetime distribution calls for urgent mitigation/preventing actions (see chapter 6.2.1).    

 

 

Figure 8. Product lifetime distribution from different industrial use sectors (Geyer 
et al.) 

6.3. Effect of introducing CNTs/CNFs to polymer matrix 

The universal idea in preparation of nanocomposites is to obtain sufficiently large interface between 
the nanosized-building blocks (e.g., carbon black, CNFs, CNTs, etc.) and the material matrix (e.g., 
polymer). The magnitude of interface is however not the only determining factor. The 
characteristics of the components, composition and structure are equally important and must be 
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adjusted to achieve optimum properties. The primary challenges are to achieve the homogeneous 
distribution of the nanosized particles (i.e., reinforcing component or filler), high aspect ratio, 
orientation and adequate adhesion that govern interfacial interactions. The proper interaction 
control or coupling of the components presents additional manufacturing challenges. If the process 
design is successful, the new combined material exhibits physical and mechanical properties that 
can be better than those of respective constituents. Figure 9 depicts general processing and 
characterization stages of polymer composites. Measured material properties during 
characterization can be then used as the basis for performance comparison.  

During the last decades, polymer-matrix composites have attracted interest by industry and 
academia, in variety of different application areas (e.g., automotive, aerospace, electronic systems, 
medical products, civil construction, chemical industries, and other consumer applications[30]). 
Multi-functional properties of carbon-based nanofillers such as carbon nanotubes and nanofibers, 
and graphene nanoparticles (GNPs) have shown extraordinary effects for significant improvements 
in thermal, mechanical, and electrical properties of thermoplastics (e.g., PE, PP, polyvinyl-chloride 
(PVC), polystyrene (PS) polyamides (PA), etc)[1].  

The introduction of small amount of nanofillers (less than 5 wt%) to the polymer and its blends can 
improve properties of new material. In comparison, the addition of macroscopic fillers can reduce 
the impact resistance, strength and may negatively impact the processibility of the composite[31].  

 

 

Figure 9. General processing and characterization stages of PE and PP composites 

In 2004, Tong[32] investigated the impact on mechanical properties (i.e., yield strength, strain at 
break, tensile strength, tensile modulus, fracture strain energy) when raw single-walled carbon 
nanotube (SWCNTs) and surface-modified SWCNT were introduced to PE. According to these 
results, the tensile strength and modulus of the modified-SWCNT/PE composites were not improved 
over those of pure PE, although they were improved over those of the raw-SWCNT/PE composites. 
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This was due to the imperfect dispersion and relatively low content (0.5 wt%) of SWCNTs. They 
stated that with an improvement in the interfacial interaction and dispersion and an increase in the 
content of SWCNTs, the mechanical properties of SWCNT/PE composites would be improved. 
 
Li et al.[33] have performed an extensive review of the electrical and the mechanical properties of 
various dimensional carbon nanofiller-reinforced polymer nanocomposites. Other issues, such as 
polymer types, fabrication methods (i.e., chemical and physical dispersion of filler), and surface 
treatment methods (i.e., covalent and non-covalent) were also discussed. Li et al.[33] emphasised 
that proper choice of preparation method, molecular weight of PE, compaction temperature, 
residence time and even sample thickness should be carefully selected in order to facilitate 
favourable CNTs/CNFs dispersion and crystallization of PE polymer matrix. If so, increase in tensile 
strength by 124% is achieved as demonstrated by Mondal[34].  
 
Mierczynska et al.[35] demonstrated that by choosing filler prelocalization method for dispersion of 
CNTs in PE polymer matrix, ultralow percolation threshold (i.e., minimum content required for 
network building) can be obtained with low quantity of SWCNT and multi-walled carbon nanotube 
(MWCNT), 0.095 wt% and 0.05 wt%, respectively. The choice of preparation method also enhanced 
mechanical properties modulus by 100% with 2% CNTs.  

6.4. LCA-based CO2 reduction estimates for specific products 

The available GHG emissions data in the literature[36] for European Union (EU) in 2018 have been 
used for the purpose of this analysis. The analysis focus on climate impacts of plastics during 
production phase (i.e., raw material extraction, transport, processing) and conversion to the final 
plastic product based on polypropylene (PP) and polyethylene (PE) polymers. The end-of-life phase 
analysis is excluded from the assessment because; a) the potential CNFs/CNTs introduction to 
plastics starts as early as at conversion phase, b) the scope’s limitations of this framework, and c) 
the end-of-life phase will most likely influence the environment more than the climate, which is the 
topic of the current report.  
 
The total GHG emissions caused by the entire plastic value chain in EU in 2018, was estimated at 
208 Mt CO2eq per year. The great majority of the GHG emissions (85%) were released to the 
atmosphere during the production and the conversion phase. The remaining fraction, 15%, is 
prescribed to the end-of-life phase, mostly incineration of plastics waste (Table 4).  
 
Table 4. GHG emissions from plastics in EU in 2018. 

GHG emissions life-cycle phases  Mt 
CO2eq 

Mt CO2eq (%) 

Production 131.04 63 

Conversion to product 45.76 22 

End-of-life  
(plastic waste treatment) 

31.20 15 

Entire plastic value chain  208.00  
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Table 5. GHG emissions from PP and PE (LDPE and HDPE) in EU in 2018. 

Life-cycle phase Category EU-estimates  
(Mt CO2eq) 

Specific GHG emissions  
(kg CO2 eq/kg material) 

Production  

PP 18.91 1.91 

LDPE 17.82 1.98 

HDPE 11.97 1.93 

Conversion 

PP 9.31 0.94 

LDPE 10.17 1.13 

HDPE 7.01 1.13 

 

Table 5 summarises GHG emissions from production and conversion phases for PP and two major 
subgroups of PE, low-density polyethylene (LDPE) and high-density polyethylene (HDPE). The GHG 
emissions in production phase are at least twice as high as the GHG emissions in the conversion 
phase for all categories. The specific GHG emissions per mass produced of the respective categories 
are also included. Table 6 shows the estimates of processed PP and PE volumes on yearly basis in 
EU and the total GHG emissions from the production and the conversion phase of respective 
polymer types.     

Table 6. Annual plastic volume processed in EU and specific GHG emissions from 
PP and PE (production and conversion phase). 

Category Yearly volume processed in EU  
(Mt/y) 

Specific GHG emissions 
(kg CO2 eq/kg material)  

PP 9.9 2.85 

LDPE 9.0 3.11 

HDPE 6.2 3.06 

 

Since there is no available data in the published literature regarding CO2 footprint reduction from 
similar processes, we use a simplified and theoretical approach. We examine different scenarios 
where specific GHG emissions (kg CO2eq/kg material) in conversion phase from PP, LDPE and HDPE 
(see Table 5) are reduced by 0.1% 1%, 10%, 20% and 50%, when CNFs/CNTs are incorporated in 
PP/PE composites. The results from this simple model are shown in Table 7.  
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Table 7. Theoretical reduction in total CO2eq emissions (Mt/year) assumed 0.1%, 
1%, 10%, 20% and 50% reduction of CO2eq emissions in conversion phase. 

Category Assumed reduction in CO2eq emissions in production phase 
0.10 %  1 % 10 % 20 % 50 % 

PP 0.013  
(Mt/year) 

0.097  
(Mt/year) 

0.935  
(Mt/year) 

1.865  
(Mt/year) 

4.657  
(Mt/year) 

LDPE 0.010  
(Mt/year) 

0.102  
(Mt/year) 

1.017 
(Mt/year) 

2.034  
(Mt/year) 

5.085 
(Mt/year) 

HDPE 0.011  
(Mt/year) 

0.074 
(Mt/year) 

0.705 
(Mt/year) 

1.405 
(Mt/year) 

3.507 
(Mt/year) 

 

If incorporation of small CNFs/CNTs quantities in PE and PP polymer matrix can lead to significant 
increase in material properties, (e.g., physical, electrical, mechanical or combination of those) and 
the lifetime extension of new products, then the process could be environmentally beneficial. It is 
then more likely that new plastic composite materials will find new application pathways (e.g., 
conductive polymers) different from typical use of pure plastic products (e.g., insulation). In order 
to give the assessment on how these products could affect the plastic production pace, demand and 
GHG-emissions, a more detailed LCA analysis and mapping of competing products that are already 
on the marked will be required. In the most optimistic scenario, the multifunctional plastic-
composite material properties could actively contribute to a reduced production of plastics and 
consequently accelerate decarbonization. The theoretical trajectories of this scenario would have 
significant implications on large GHG-emissions in the production phase of plastics. They are 
summarized in Table 8.  
 
Table 8. Theoretical reduction in total CO2eq emissions (Mt/year) assumed 0.1%, 
1%, 10% and 20% reduction of CO2eq emissions in production phase. 

Category Assumed reduction in CO2eq emissions in production phase 
0.10 %  1 % 10 % 20 % 

PP 0.020 
(Mt/year) 

0.190 
(Mt/year) 

1.892 
(Mt/year) 

3.783 
(Mt/year) 

LDPE 0.018 
(Mt/year) 

0.178 
(Mt/year) 

1.782 
(Mt/year) 

3.564 
(Mt/year) 

HDPE 0.016 
(Mt/year) 

0.124 
(Mt/year) 

1.201 
(Mt/year) 

2.397 
(Mt/year) 

 
 
This assumes a high level of technology readiness at industrial scale, low-carbon energy input, low-
carbon footprint in production phase and market acceptance. The promising results that this 
literature survey have encountered are mostly achieved at laboratory scale. The scale-up of 
proposed processes with favourable outcome of material properties will however require a 
significant R&D focus in the future. 
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7. Cement and concrete 

7.1. Situation today 

7.1.1. Cement production 

According to IEA, the world-wide production of cement was 4 197 Mt in 2019 and 4 281 Mt in 
2020[37]. IEA also states that “China is the largest cement producer, accounting for about 55% of 
global production, followed by India at 8%”[37]. Cement production in Norway is around 1.7 Mt per 
year from Norcem, the only cement producer in Norway (1.2 Mt/y at Brevik and 0.5 Mt/y at 
Kjøpsvik). Cement production in Sweden is about 2.7 Mt per year, all by the producer Cementa[38]. 

The Norwegian cement producer Norcem gives the following brief description of how cement is 
produced6: 

Cement is produced through crushing and burning limestone along with quartz and slate. The 
mixture is heated in large, rotating ovens at approximately 1450 degrees Celsius. The clinker is 
grinded with e.g. plaster, and voila - cement. 

Figure 10 shows a bin of the intermediate product clinker. 

 

Figure 10. Clinker produced at Norcem Kjøpsvik[39] 

7.1.2. Annual CO2 emission from cement production 

With a CO2 intensity of cement production of 0.58 and 0.59 t CO2 per t cement in 2019 and 2020, 
respectively[37], 2 432 and 2 526 Mt CO2 were released from cement production in 2019 and 2020 
worldwide.  

While there was a covid-related reduction in the CO2 emissions world-wide to 31.5 Gt in 2020, the 
emissions in 2018 and 2019 were 33.5 and 33.4 Gt, respectively[40]. CO2 emissions from cement 
production were thus about 7 % of the total worldwide CO2 emissions in 2019. 

Most of the CO2 emission from cement production is related to the clinker production. These 
emissions originate in the heating of the limestone (60 %) and from grinding, transportation and 
heating of furnaces (40 %)[39]. Consequently, the clinker-to-cement ratio is of great importance. 
IEA estimates this value to 0.72 for 2020, with lower values for China[37].  
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In Norway, the total CO2 emission from Norcem is around 1.0 Mt/year per 2021, based on 1 ton 
cement currently having about 0.59 tons CO2 emission. The corresponding Swedish emission is 1.6 
Mt/year, giving a total of 2.6 ton emitted CO2 annually from cement production in the two countries. 

7.1.3. Concrete use 

Cement is mostly used with sand or gravel to produce concrete material and mixed with aggregate 
to produce mortar as binding material in building construction and civil engineering. Concrete has a 
large compressive strength, which is why it is used in buildings and construction work. However, the 
flexural and tensile strengths are relatively low, which is why steel reinforcement is used. 

Figure 11 shows the end use of cement from Nordic cement manufacturers in 2013[41]. Though this 
may not be fully representative for the world-wide consumption in 2021, it indicates the three main 
areas or use: civil engineering, non-residential buildings, and residential buildings. 

 

 

Figure 11. End use distribution of cement from Nordic cement manufacturers in 
2013[41] 

7.2. Reducing CO2 emissions from cement production 

Norway, as well as the EU members, is committed to reducing the emission of greenhouse gasses 
to 90-95 % of the 1990-level by 2050. Since concrete is an important material for both buildings and 
in civil engineering, it is imperative to reduce CO2 emissions from concrete. 

Larsen et al.[42] classify the efforts for reducing CO2 emissions from concrete in road infrastructure 
as follows: 

a) Consume less concrete for new structures 
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b) Consume less cement in concrete 
c) Consume less clinker in cement 
d) Circular economy 

While their study focuses on road infrastructure, the same classification is useful for any concrete 
application. The addition of CNF to concrete can influence the CO2 emissions through pathway a) 
through giving a stronger material. Even if CNF was shown to have the required properties, it is not 
justifiable to add the large amounts required to give significant contributions through pathways b) 
or c). CNF additions to cement may also change the options available for reuse and recycling 
according to path d), in both directions. 

7.3. Effect of introducing carbon nano fibres 

The method chosen, described in section 3.2.1, requires comparison to UHPC. According to the US 
Federal Highway Administration, the mechanical properties of UHPC include compressive strength 
greater than 150 MPa and sustained postcracking tensile strength greater than 5 MPa. The material 
also has a discontinuous pore structure that reduces liquid ingress, significantly enhancing durability 
compared to conventional and high-performance concretes[43]. It was therefore chosen to look at 
the following mechanical properties: 

• Compressive strength 
• Sustained postcracking tensile strength 
• Durability as a result of reduced liquid ingress 

Several researchers have investigated the effects of adding CNF or CNT to cement, testing the 
product either as pure cement or in concrete. As detailed below, their conclusions vary from very 
positive to very negative. However, all references cited report from research tests performed in a 
laboratory, and none from real-life applications. 

7.3.1. Effect on cement properties 

Barbhuiya and Chow[44] focused on the nanoscale changes when they investigated the effect of 
adding 0.2 wt% CNF to cement in 2017. They found an increase in compressive strength of 13, 25, 
and 15 % after 7, 28, and 56 days, respectively, yielding a final compressive strength of about 92 
MPa with CNF. Only one sample of each kind was tested, and tensile strength was not tested. 

In 2014, Yazdani and Mohanam[45] considered compressive and flexural strength as well as flow 
value (workability) and SEM images after 28 days, with 0.1 and 0.2 % CNT and CNF at different water 
to cement ratios. They found that the compressive strength increased more than the flexural 
strength, with 54 MPa for 0.2 wt% CNF at 0.35 water-cement ratio being the maximum compressive 
strength and 10 MPa for 0.1 wt% CNT at 0.50 water-cement ratio being the maximum flexural 
strength. They concluded that both materials are promising reinforcing materials, but that 
significant additional work is needed. 

In 2012, Galao et al.[46] found that the compressive strength of cement mortar increased by about 
10 % when 2 % CNF was added. However, they also found increased corrosion rates of rebars in 
aggressive environments. 
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In an even earlier work from 2011, Tyson et al.[5] investigated the effect of adding CNT and CNF to 
cement. They considered the resulting cement material’s ultimate strength, ultimate strain capacity, 
elastic modulus, and fracture toughness at three material ages, in addition to taking SEM images. 
Three replications were made for each nanocomposite tested. A maximum ultimate flexural 
strength of close to 15 MPa after 21 was found for 0.01 wt% CNF, and a maximum toughness of 
about 0.6 J/m3 for the same age and composite. 

To summarize, several laboratory experiments reported in the literature have found strength 
increases from adding CNF to cement. However, the results diverge, and the authors report practical 
problems. Consequently, CNF addition to cement is promising, but more work is needed before 
industrialisation is feasible. 

7.3.2. Relating cement properties to concrete properties 

As stated by Kosmatka and Wilson in their “Design and Control of concrete Mixtures” [47]: “In 
general, cement strengths (based on mortar-cube tests) cannot be used to predict concrete 
strengths with any degree of accuracy because of the many variables that influence concrete 
strength, including: aggregate characteristics, concrete mixture proportions, construction 
procedures, and environmental conditions in the field”. This explains the plethora of articles 
describing how artificial networks and other machine learning methods are required to compute 
the compressive strength of concrete. It is also in line with the findings of the Norwegian Public 
Roads Administration that the compressive strength of concrete depends strongly on the 
aggregates’ Los Angeles value (a standardized test value for the resistance towards crushing)[48].  

7.3.3. Effect on concrete properties 

In 2009, Gao et al. investigated the effect on compressive strength and electrical resistance of CNF 
addition to concrete[49]. They tested three types of CNF (PR-19-XT-PS, PR19-XT-PS-OX, and PR-19-
XT-LHT-OX) using both ordinary concrete and self-consolidating concrete. For PR-19-XT-PS in 
ordinary concrete, they found that adding 0.16 % CNF gave an increase of the compressive strength 
of 43 % to a maximum value of 10.6 ksi or 73 MPa. For self-consolidating concrete the improvements 
were smaller, and each type of CNF gave different optimal amounts of addition. In the same paper, 
they also report that addition of CNF to concrete reduced the material’s electrical resistivity and 
could give a relation between strain and resistivity that could be used to make the concrete self-
sensing. 

A few years later, in 2018, Jiang et al.[50] compared how properties of cementitious materials 
changed upon adding different types of nano material. Contrary to Gao et al., they found that adding 
CNFs reduced the compressive strength of the material, and they also observed dispersion 
problems. However, like Gao et al., they found that CNFs were able to strongly reduce the electric 
resistivity of the material. 

Galao et al.[51], like Gao et al., considered adding CNFs to concrete to obtain smart concrete that 
can sense strain and structural damage. This was successful, and while testing these properties they 
found that adding CNF to the cement gave only marginal increase in the cement paste’s compressive 
strength. 

Hassan et al.[52] considered the effect of adding CNT to cement used in reinforced concrete in 2019. 
They investigated both compressive, tensile and bond strengths, corrosion resistance of the 
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reinforcement steel bars, and SEM images. All investigated strength types increased, but they 
concluded that “Given the effort needed for dispersion prior to mixing, the results of the current 
and previous investigations on the topic, and the health hazards associated with handling nano 
materials; and the increased tendency to corrosion of [the concrete]; the authors are not in favor 
of using CNTs in concrete to induce mechanical properties improvements.” This article refers to CNT, 
but it illustrates that the problems with this type of addition may be considered highly significant, 
even though improved mechanical properties are achieved. 

Mohsen et al.[53] investigated the effect on flexural strength, strain capacity, permeability, and 
microstructure of concrete from adding 0.03 – 0.25 wt% CNT in 2019. They found that adding 0.15 
or 0.25 wt% CNT to the cement increased the flexural strength of concrete after 28 days by more 
than 100 % to a maximum of about 4.3 MPa. They also found that the permeability coefficient 
decreased by at least 45 % to 0.037 ⋅ 10-16 m2 when CNT was added. Six samples were prepared for 
each batch. 

Kekez and Kubica[54] list 28 references that give compressive strength and/or flexural strength for 
concrete mixed if CNF and/or CNT. The authors use these to assess ANN architectures for predicting 
these strength variables. They did not report actual strength values, and many of their references 
concerned CNT or only cement and not concrete. 

Konsta-Gudoutos et al.[55] found only marginal increase in the concrete’s compressive strength 
from adding 0.1 wt% CNFs to the cement, but they found that the modulus increased significantly.  

Afzal and Khushnood[56] found that adding CNF to concrete improved the mechanical properties of 
the concrete after exposure to elevated temperatures, improving the material’s fire endurance. 

To summarize, reported results for changes in concrete strength upon CNF additions diverge. Some 
authors report significant increases in both flexural and compressive strength, while others report 
marginal changes. Thus, as for cement, more research is required before industrialisation of this 
promising addition can take place. 

7.3.4. Effect on CO2 emissions from concrete 

A strongly simplified estimate of the possible reduction in CO2 emission from concrete through 
addition of CNF can be made by comparison to UHPC, for which many studies are available. 

The maximum compressive strength indicated from the preceding references, 73 MPa, is about half 
the requirement (150 MPa) for concrete to be classified as UHPC.  

One example of an LCA analysis from replacing ordinary concrete by UHCP is the study by Larsen et 
al., who found that the contribution to the overall GWP was reduced by 16 % for one specific 
bridge[3]. Another example is the work of Sameer et al.[57], who concluded that while UHPC has 
higher environmental impacts than conventional concrete per m3, a reduction in GWP of 14 % was 
found for another sample bridge, since less material was required. 

The reported maximum concrete compressive strength increase of 43 % is about one third of the 
increase required to go e.g. from concrete strength class B55, with cylinder compressive strength of 
55 MPa, to the 150 MPa required for UHPC. If the reduction in CO2 emissions is proportional to the 
increase in concrete strength, a reduction in CO2 emissions of about 5 % can be expected, based on 
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the results presented here. This estimate is made assuming the CNF production has about the same 
environmental footprint as the material used as additive to make UHPC. This 5 % reduction 
corresponds to a reduction of 126 Mt/y world-wide, or 0.05 Mt/y in Norway. 

Licht et al.[58] considered CNT, and employed a much simpler method than discussed above. They 

assumed that a compressive strength increase of 45 % for cement could result in a �1 − 1
1.45

� = 31 

% reduction in the amount of cement required for a cement block. This can be a feasible model for 
some applications, but most concrete applications also depend on other properties. The article uses 
a higher CO2 footprint (0.9 tonnes per ton cement) for cement production than reported by IEA (0.6 
tonnes per ton cement), and it is optimistically assumed that the dispersion problems can be solved 
by a precisely controlled production process for the CNT. 

To balance the different concrete applications, and to allow for future research to solve some of the 
present CNF addition problems, 10 % is suggested as an example of a possible reduction in CO2 
emission from adding CNF to cement. 

7.4. Challenges for adding carbon nano fibres to cement 

Dispersion problems were reported by all authors cited in section 7.3. The reason is that the fibres 
are very small, but have very large surface areas, which facilitates agglomerates. Researchers handle 
this e.g. by adding surfactants or using sonic mixing. One may also mix the CNFs with dry cement 
and silica fume, where the silica fume inhibits agglomeration of the CNFs. These and other methods, 
as well as their disadvantages, are reviewed by Galao et al.[46]. Another option may be to replace 
virgin CNF by recycled carbon fibre reinforced plastic waste, which has been reported to be 
relatively easy to disperse in cement[59]. 

Health-risks are only specifically mentioned by Hassan et al.[52], but the issues are well-known: 
Some carbon nano-tubes are suspected of being carcinogenic[60], [61]. Environmentally, pure 
nanotubes are hydrophobic, while less pure products may be hydrophile, and thereby pose a danger 
to organisms living in water[62]. The process may also leave traces of nickel in the nano tubes, which 
may be problematic if released to water[63].  

There are regulations on which materials can be added to cement or concrete. However, these rules 
are frequently updated. Consequently, the rules must be considered, but they do probably not form 
strict long-term barriers to CNF addition. 

7.5. Other initiatives to reduce CO2 emissions related to cement  

7.5.1. CCS 

Norcem’s vision is zero CO2-footprint from over the whole life cycle of their products by 2030[64]. 
They list five components for achieving this, two of them are new cement types and carbon capture. 
Carbon capture is said to be the most important component, and it is realised through a facility at 
Brevik that will be operational in 2024.  
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7.5.2. Other concrete improvements 

UHPC is a more mature concrete improvement than CNF-enhanced concrete. Consequently, the 
results are more consistent. Even then, the life cycle improvement in CO2 emission is typically 
estimated to around 15 %. 

Low carbon concrete (Lavkarbonbetong) is classified as Plus, Extreme, A, or B, depending on the 
amount of CO2 released.   The threshold values depend on the concrete’s strength class 
(fasthetsklasse) and are given in Table 9. Classes A and B can be achieved by suitable recipe changes, 
while classes Plus and Extreme require special binders and are not available in the general market.  

Table 9. Low carbon concrete threshold values[65] 

 

It is seen that the switch from the reference value to low carbon class A would give a reduction of 
the CO2 emissions from concrete of on average 30 %.  

7.5.3. Carbonation 

Concrete also extracts CO2 from the air, through the process of carbonation. The magnitude of this 
contribution is disputed, some say 15 % of the CO2 emitted during cement production is extracted 
during a product’s life cycle[66], other say as much 80 %[67]. Literature describing the influence of 
CNF additions on carbonation has not been found in the present study. 
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8. Potential effects on national value creation and 
employment from successful use of carbon 
nanofiber additives 

The current ‘green shift’ may influence national value creation and employment positively through 
increased demand for specific products or services. Likewise, the ‘green shift’ may have negative 
influences on sectors that experience reduced demand. In strict national accounting terms, 
increased demand must result from one or more of the following sources: a) Domestic investments; 
b) domestic demand for intermediate products/services1; c) demand from abroad (exports).  The 
positive effects on national value creation and employment may come from the following three 
channels: 

a) Providing products/services will lead to increased value creation and employment in direct 
providers of the related products/services and their sub-suppliers (ripple effects). 
 

b) National end-customers’ usage of ‘green’ products/services may improve their own ’green’ 
credentials and result in increased demand for their end-products and/or ensure continual 
demand in face of new ‘green’ requirements. 
 

c) Learning-by-doing by the direct providers of ‘green’ products/services may result in yet 
more products/services that may also be exported. 

The increased demand from the ‘green’ shift may be for both: 

a) brand new products/services like for instance technology for carbon capture or, like in 
this case, CNF or CNT. 

b) existing products/service whose competitiveness have been enhanced to fit new ‘green’ 
requirements, like for instance a ship engine set up to run on ammonia or a plastics product 
enhance by the adding of CNF/CNT.  

This is similar to what happened when Norwegian industry from 1965 and onwards met demand 
from the oil and gas industry. This demand was partly met by using modified versions of existing 
products and services like, say, using from er fishing vessels as offshore support vessels. But this 
demand was also met by developing brand-new products like, say, ground-breaking methodologies 
for gathering and interpreting marine seismics. The process of entering into the oil and gas industry 
was supported by both local and national governments. 

Both in and outside of the oil and gas business, Norwegian industry has a long history of 
industrialising new technologies. One example is how Norwegian companies in the early 20th 
century entered into production of ammonia, another example is the introduction of more 
environmentally-friendly aluminium production in the early 21st century2.  

 

1 Purchases that are not classified as investments, i.e. “running costs” ex salary costs. 
2 https://www.hydro.com/no-NO/media/pa-dagsorden/karmoy/ 

https://www.hydro.com/no-NO/media/pa-dagsorden/karmoy/
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Industrialising a new technology in a given location requires a sufficiently sound business case that 
also takes into account location specific factors. When evaluating business cases, the actors 
therefore will look into factors like market prospects, availability and price of natural resources, 
available physical assets, available competencies and logistics opportunities. Equinor, Norsk Hydro 
and Panasonic recently dropped the plans for a battery production facility in Norway, most probably 
due to concerns about import duties to the UK3. Hydro Aluminium recently announced plans to start 
recycling of aluminium in Norway, with one of the reasons being available production facilities4. 
Arguments for industrialising technologies in Norway could be: Available clean hydro power, 
available production facilities, available labour, both university graduated and operators/skilled 
labour. The hydro power has historically also been cheap, which, if sustained, is also an argument 
for industrialization in Norway. 

According to Norges Bank, the central bank of Norway, ‘green investments’ are expected to explain 
around half the annual increase in mainland5  investments from 2022 and onwards. 

 
Figure 12: Mainland business investments in Norway, 2015-2024. Source: Bank of 
Norway 

Figure 12 singles out a number of specific ‘green’ investments: 

 

3 https://e24.no/boers-og-finans/i/bGjBJB/equinor-og-hydro-gaar-ikke-videre-med-batterifabrikk-i-norge 
4 https://www.hydro.com/en-NO/media/news/2021/hydro-takes-next-step-in-recycling-growth-strategy/ 
 
5 Mainland Norway is a national accounting term used when excluding activity related to petroleum, 
pipeline transport and international shipping. 

https://e24.no/boers-og-finans/i/bGjBJB/equinor-og-hydro-gaar-ikke-videre-med-batterifabrikk-i-norge
https://www.hydro.com/en-NO/media/news/2021/hydro-takes-next-step-in-recycling-growth-strategy/
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• Power supply: hydropower, land-based wind, ammonia, etc. 
• Carbon Capture and Storage which so far for a large part is related to cement production 

and waste handling 
• Batteries: Production of battery cells and battery assembly 
• Hydrogen: Production of hydrogen to use as fuel or input to industrial processes 
• Projects in process industry: Various ‘green’ initiatives in process industries (Primary 

metals, Rubber and plastic products, Non-metallic mineral products [e.g. cement], etc.) 
and/or investments in ‘green’ process industries like production of solar wafers, etc. 

• Domestic shipping: Investments in greener fuels 

Carbon nanofiber could be relevant for investments in production of battery cells6 and in ‘green 
projects’ within process industries like cement, and rubber and plastic products.  

Figure 13 shows total sales and value creation in two Norwegian industries with potential need for 
carbon nanofiber.  

 

Figure 13: Total sales, investments and purchase of intermediate 
products/services in three sectors with potential need for carbon nanofiber 

 

6 Note that this figure was created before the decision of Equinor/Hydro/Panasonic to drop their plans for 
battery production in Norway due to concerns about import duties in the UK. https://e24.no/boers-og-
finans/i/bGjBJB/equinor-og-hydro-gaar-ikke-videre-med-batterifabrikk-i-norge 
 

https://e24.no/boers-og-finans/i/bGjBJB/equinor-og-hydro-gaar-ikke-videre-med-batterifabrikk-i-norge
https://e24.no/boers-og-finans/i/bGjBJB/equinor-og-hydro-gaar-ikke-videre-med-batterifabrikk-i-norge
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• Manufacture of rubber and plastics products in 2019 had total sales of around NOK 13 
billion, purchases of intermediate products/services at around NOK 8 billion and total 
investments of around NOK 1,1 billion. This industry includes companies that produce pipes 
using polyethylene, like for instance PipeLife7, companies that produces styrofoam boxes 
using polystyrene and companies producing insulation materiel. 
 

• Manufacture of electrical equipment had in 2019 total sales of around NOK 23 billion, 
purchases of intermediate products/services at around NOK 16 billion and investments of 
around NOK 1,6 billion. This industry mainly includes companies producing electrical cables 
and equipment for the oil and gas industry, but also companies producing battery cells or 
assembling maritime batteries. 
 

• Manufacture of other non-metallic mineral products, which include production of cement 
and concrete, in 2019 had total sales of around NOK 38 billion, purchases of intermediate 
products/services at around NOK 28 billion and investments of around NOK 1,9 billion.  

The figures above show that demand from investments and/or intermediate products/services in 
the Norwegian-based rubber/plastics, electrical equipment and non-metallic mineral industries 
represent a very large market. If companies within these industries decides to add carbon nanofiber 
to their products, this may benefit national value creation and employment in the following three 
ways: 

1) Serving the domestic investment projects will lead to increased value creation and 
employment in providers of carbon nanofiber and their sub-suppliers (ripple effects). 
 

2) If the use of carbon nanofiber in products or production processes improves ’green’ 
credentials of end-products, end-user companies will benefit through increased or ensured 
demand in the face of new ‘green’ demands. This will lead to increased or ensured value 
creation and employment.  
 

3) If the use of carbon nanofiber in products or production processes proves successful, the 
direct providers may use this experience (learning) to export their products to international 
customers, with the resulting increase in value creation and employment. 

 

 

 

 

 

7 https://www.pipelife.no/ 
 

https://www.pipelife.no/
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9. Discussion and future work 
The work with the present report has highlighted various knowledge gaps. These are discussed 
below. Note that filling these gaps will require cooperation, since familiarity with several different 
industries are needed, as well as different fields of competence.  

9.1. Complete LCA 

As illustrated by Tanzer and Ramirez[27], the boundaries chosen for a LCA will strongly influence 
the results obtained. It is therefore recommended to perform a thorough LCA for the cases 
discussed in the present report, to get authoritative numbers for the environmental benefits of 
including CNFs in various materials.  

For instance, the actual sustainability of CCU compared to CCS depends on the required energy, on 
how long the carbon is tied up in the new product, and on the end-of-life handling of carbon from 
the new product[68].  

The energy required to electrolyse CNF/CNT from CO2 production is only a fraction of what is needed 
by competing processes, and renewable energy is readily available in Norway. However, the energy 
and resources required to produce the salt, the electrodes, and the electrolysis cells should also be 
taken into account, as well any other costs for running the process, including any required pre-
processing steps.  In addition, a quantitative assessment of process yield efficiency will give the 
adequate measure of how much of reactant (i.e., CO2 here) is being converted to form a final 
product, CNFs, and what fraction leaves the electrolysis cell unreacted.  When composites are made, 
resources are also needed for the actual mixing or dispersion of the CNFs. 

For CNF/CNT the product life is from a few months for running shoes[69] up to decades for concrete 
in buildings[70]. End-of-life handling of the material will vary, with better treatment in professional 
markets than in consumer markets. Recycling of CNF, e.g. from composites, is an active research 
area[71], and will be important for all the materials discussed in the present report. 

9.2. Market analysis 

As mentioned for both cement/concrete and plastics, CNF-reinforced materials may give new 
products. A thorough analysis of possible markets for these materials should therefore be 
performed.  Possible products are, as also mentioned in section 4.3, as diverse as self-sensing or 
fire-resistant concrete, running shoes, medical applications, or improved battery anodes.  

The price of CNF and of the different methods required to mix in CNF should also be considered 
when relevant markets are analysed. 

The result of this kind of analysis will give more a solid foundation for selecting which materials to 
target for CNF addition. 
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9.3. Pilot scale testing 

CNFs from different producers have different properties. Also, many results reported in the 
literature are from lab scale testing where very few samples are further commercialised. It is 
therefore recommended to develop new products at industrial scale to speed up the CNF/CNT 
applications to maximise the CO2 emission reduction. This development should be done in 
cooperation with industrial customers, innovation companies and research institutes. The start 
point could be innovation projects within the Research Council of Norway funding programs such 
as EnergiX, Pilot-E, ENOVA, CLIMIT, Gassnova, etc.  
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10. Conclusions 
Main conclusions: 

1) There will be huge market potential for CNF/CNT products in the future, both due to the rapid 
technology development in CNF/CNT material improvement in the past decade, and due to 
forecast of the CNF/CNT growth and need in the future.  

2) Demand from investments and/or intermediate products/services in the Norwegian-based 
rubber/plastics, electrical equipment and non-metallic mineral industries represent a very 
large market. 

3) Since CNF/CNT can greatly improve material properties leading to reduced production amount, 
the direct CO2 emission reduction potential due to CNF/CNT additives is huge, more than 2 Gt 
in the next 10 years. However, this will require industrial scale adoption in new products and 
fast upscale of CNF/CNT production capacity to the market needs. This requirement will limit 
the realization of the CO2 emission potential. Future technology for upscaling CNF/CNT 
production capacity and to reduce cost are the keys to accelerate its larger market adoption 
from its current high-value products to must-have additives in a wide range of new and 
improved materials.   

4) Rechargeable Li-ion battery production is growing at a rapid rate globally, primarily due to 
increased demand from the electric vehicle (EV) sector. The CO2 emission related to this 
production is estimated to be 22 Mt/y in 2020, and it may increase by a factor of 10 within a 
decade unless production technologies improve. Adding CNF to the material mix may increase 
the performance of batteries. The potential for performance improvements from CNF addition 
is present for currently dominating graphite anode, but it seems even more promising for next 
generation silicon-based anodes. 

5) In the last decade, a great scientific effort has been focused on optimizing production methods 
that facilitates favourable CNFs/CNTs dispersion in the polymer matrix to achieve desirable 
mechanical and electrical properties of new composite materials. Several scientific publications 
clearly show that it is possible on laboratory scale. The upscaling of technology to industrial 
level will however require significant R&D effort in the future. Multi-functional properties of 
carbon-based nanofillers such as carbon nanotubes and nanofibers, and graphene 
nanoparticles (GNPs) have shown extraordinary effects for significant improvements in 
thermal, mechanical, and electrical properties of thermoplastics (e.g., PE, PP, polyvinyl-chloride 
(PVC), polystyrene (PS) polyamides (PA), etc)[1]. Reliable estimates for resulting reductions in 
CO2 emissions will depend on this effort.  

6) CNFs can be added to cement to increase the compressive strength of concrete and thereby 
reduce the concrete demand world-wide. As a rough, optimistic estimate, a reduction in CO2 
emissions from cement production of about 10 % may be achievable. This corresponds to a 
reduction of about 250 Mt/y world-wide, or 0.1 Mt/y in Norway. This is much smaller than what 
can be obtained through other, simpler measures, but a combination of CNF and other 
measures can still be useful.  

7) Norway as a forerunner in CCUS and with its generally competitive technology level and 
abundant renewable energy resources is well positioned to take the position as the future 
major supplier of industrial scale CNF/CNT. 
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Symbols and abbreviations 
Symbol or abbreviation Explanation 

BCS Bergen Carbon Solutions 

CAGR Compound Annual Growth Rate 

CCUS CO2 Capture, Utilization, and Storage 

CNF Carbon Nano Fibre 

CNT Carbon Nano Tube 

EV Electric Vehicles 

FEP Freshwater EutroPhication 

GNP Graphene NanoParticles 

GWP Global Warming Potential, expressed in equivalent tons CO2 

HT Human Toxicity 

IEA International Energy Agency 

LCA Life Cycle Analysis 

MEP Marine EutroPhication 

MWCNT Multi-Walled Carbon Nano Tubes 

NSC Normal Strength Concrete 

PA PolyAmide 

PE PolyEthylene 

PMF Particulate Matter Formation 

POF Photochemical Oxidant Formation 

PP PolyPropylene 

PS PolyStyrene 

PVC PolyVinylChloride 

R&D Research and Development 

SEM Scanning Electron Microscope 

SWCNT Single-Walled Carbon Nano Tubes 
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Symbol or abbreviation Explanation 

TAP Terrestrial Acidification Potential 

UHPC Ultra-High Performance Concrete 
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