
ABSTRACT 

MOON, HYEONGMIN. Forecasting Carbon Fiber Demand for 2016 – 2026 Based on 

Superposition of Multiple Product Life Cycles. (Under the direction of Dr. Moon Won 

Suh). 

Importance of carbon fibers and carbon fiber products has been spotlighted as 

many global manufacturers adopted use of carbon fibers for many major industrial 

products and conventional consumer products.  

The technologies for fiber production, manufacturing speed, practicable cost, and 

advantages in terms of energy, environment/sustainability application potentials are 

surveyed and discussed. This study attempted to forecast carbon fiber demands for the 

period 2011 – 2026 based on superposition of multiple Product Life Cycle (PLC) curves 

of five key products (Automobile, Commercial aircraft, Wind turbine blade, motorcycle, 

and superyacht) that have been applying carbon fibers. The five carbon product markets 

for estimation of PLCs were aircrafts, automobiles, wind turbine blades, motorcycles and 

superyachts. The PLCs were obtained for each of the five products and the aggregate 

demand due to all other carbon products was also obtained in order to obtain the ultimate 

total demand for all carbon products. New methods were developed for obtaining the 

residual demand for 2011 to 2026 by applying an inverse regression model.  

The study forecasts that the total demand of carbon fibers will exceed 500,000 tons by 

2026, and it could be easily exceeded if technology develops further rapidly and costs for 

processing declines accordingly. The study points out difficulties of making this type of 

forecast when the demand data are insufficient and when PLCs are in their early growth 

stages. 
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I. Introduction 

From past to present, carbon fiber markets have shown two-digit growth rates and still 

expanding at a 10% growth rate roughly. Along with its demand, top global 

manufacturers had doubled their manufacturing capacities during 2008 - 2013 [1]. In 

addition, thanks to the development of processing technologies and efforts to find new 

efficient precursors, price of carbon fiber decreased to around $20 per kg, and it has 

stimulated adoption of carbon fibers especially in airplane markets. Since Boeing 

presented new manufacturing plans for Boeing 787 in 2005, the demand of carbon fiber 

has rapidly increased. However, in the latest five years, the carbon fiber demand and 

global manufacturing capacities have not changed significantly, showing flat lines of 

growth. Based on the growth curve for the manufacturing capacity or that for annual 

demand of carbon fiber [4], it looks as if the demand of carbon fiber might already be 

moving into a maturity period. Namely, the existing applications seem to have saturated 

their own markets, not showing significant increases in the markets. On the other hand, 

new and emerging products and market shares have been growing rapidly. For example 

[8], BMW created facilities for manufacturing tens of thousands of i3 cars made of 

carbon fibers every year and produced an average 20 thousands of i3 cars during the past 

two years. Based on many trade journal articles, the prices of carbon fibers will drop 

within 5 years as new technologies emerge. Especially, a new process to reduce molding 

time enhanced productivity with significant cost savings. Thus, we may assume that 

individual applications of carbon products would begin to show an S-curve of growth. 

Following the huge demand of carbon fibers by application in Boeing 787, some new 

applications may show great growth rates soon while other existing applications may 

grow at a slower rate. As each carbon fiber application for each product line will form its 

own demand curve, the aggregate carbon fiber demand will emerge from a superposition 

of all demand curves, thus creating a dynamical growth curve based on all existing and 

new carbon product life cycles.  
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The biggest challenge is to understand, predict the products and estimate the demand for 

not only the existing products but also the products yet to be born that are carbon fiber 

based. While this might not be an exact science, the importance of carbon fibers in the 

21st Century mandates such a study as this has become an important decision factor for 

the many businesses throughout the world.  

II. Carbon Fiber’s Properties and Production 

A. Definition of Carbon Fibers 

Carbon fibers are characterized not only by their intrinsic properties of the raw 

materials, but also by the softness and process-ability the fibers. A carbon fiber 

is defined as a fiber which contains at least 90 % weight of carbon atoms with 5 

- 10 micrometer diameters. The carbon fiber was first invented by Thomas 

Edison when he used it as a filament in the light bulbs, but it has only about 20% 

of carbon in its structure and did not have much mechanical strength. Carbon 

fiber as an industrial material was developed in 1959 when Union Carbide 

Corporation (UCC) invented a method of using rayon as raw yarn and 

combusting it to produce carbon fibers [9]. It was the first general purpose 

carbon fiber (GPCF) applied in industry [9]. However, it was not called a high 

performance carbon fiber although its definition was not given for various 

ranges of applications. The High Performance Carbon Fiber as we know today 

was developed and defined in 1963 by W. Watt, L. N. Phillips, and W. Johnson 

[3]. 

B. Characteristic and Properties 

 Carbon fibers in general have a high tensile strength, greater heat resistance, and 

excellent electrical conductivity. In terms of mechanical properties, carbon 

fibers are categorized by general purpose grades and high performance grades 

[7] These two types of carbon fibers are called GPCFs and HPCFs. Furthermore, 
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HPCFs are divided into three types of High Modulus; CFs (HM), Ultra High 

Modulus CF (HT), and Ultra high tensile CFs (UHT).  

 

 

Figure 1. Product Types by Mechanical Properties [7] 

 

Carbon fiber typically has 1 to 10 GPa of tensile strength and hundreds of GPa 

of tensile modulus. Tensile strength of a material is the maximum stress it can 

withstand while being stretched or pulled before failing or breaking. Tensile 

modulus is the ratio of stress to elastic strain in tension. High modulus means 

that the material is rigid. Carbon fiber possesses tensile strength roughly 10 

times of that of steel. These carbon fibers have large range of mechanical 

properties applicable to a wide range of products from small sports rackets and 

to huge wind turbine blades. 
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C. Manufacturing Processes 

Carbon fibers are typically made from Polyacrylonitrile (PAN) or Pitch. The raw 

material used to make carbon fiber is called precursor. As a first step, raw 

material is processed into spinning. Then, spinning is followed by stabilizing, 

carbonizing, surface treatment, and sizing.  

 

1. Spinning of PAN fibers 

Acrylonitrile plastic powder is mixed with another plastic, like methyl 

acrylate or methyl methacrylate, and is reacted with a catalyst in a 

conventional suspension or solution polymerization process to form a 

polyacrylonitrile plastic. 

The plastic is then spun into fibers using one of several different methods. In 

some methods, the plastic is mixed with certain chemicals and pumped 

through tiny jets into a chemical bath or quench chamber where the plastic 

coagulates and solidifies into fibers. This is similar to the process used to 

form polyacrylic textile fibers. In other methods, the plastic mixture is heated 

and pumped through tiny jets into a chamber where the solvents evaporate 

leaving a solid fiber. The spinning step is important because the internal 

atomic structure of the fiber is formed during this process. 

The fibers are then washed and stretched to the desired fiber diameter. The 

stretching helps align the molecules within the fiber and provide the basis for 

the formation of the tightly bonded carbon crystals after carbonization. 

 

2. Stabilizing 

Before the fibers are carbonized, they need to be chemically altered to 

convert their linear atomic bonding to a more thermally stable ladder 
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bonding. This is accomplished by heating the fibers in air to about 390-590° 

F (200-300° C) for 30 -120 minutes. This causes the fibers to pick up oxygen 

molecules from the air and rearrange their atomic bonding pattern. The 

stabilizing chemical reactions are complex and involve several steps, some of 

which occur simultaneously. They also generate their own heat, which must 

be controlled to avoid overheating the fibers. Commercially, the stabilization 

process uses a variety of equipment and techniques. In some processes, the 

fibers are drawn through a series of heated chambers. In others, the fibers 

pass over hot rollers and through beds of loose materials held in suspension 

by a flow of hot air. Some processes use heated air mixed with certain gases 

that chemically accelerate the stabilization. 

 

3. Carbonizing from PAN fiber to carbon fiber 

Once the fibers are stabilized, they are heated to a temperature of about 1,830 

-5,500 °F (1,000 - 3,000 °C) for several minutes in a furnace filled with a gas 

mixture that does not contain oxygen. The lack of oxygen prevents the fibers 

from burning in the very high temperatures. The gas pressure inside the 

furnace is kept higher than the outside air pressure and the points where the 

fibers enter and exit the furnace are sealed to keep oxygen from entering. As 

the fibers are heated, they begin to lose their non-carbon atoms, plus a few 

carbon atoms, in the form of various gases including water vapor, ammonia, 

carbon monoxide, carbon dioxide, hydrogen, nitrogen, and others. As the 

non-carbon atoms are expelled, the remaining carbon atoms form tightly 

bonded carbon crystals that are aligned more or less parallel to the 

longitudinal axis of the fiber. In some processes, two furnaces operating at 

two different temperatures are used to better control the rate of heating during 

carbonization. 
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4. Surface treatment to improve mechanical and chemical properties 

After carbonizing, the fibers have surfaces that do not bond well with the 

epoxies and other materials in forming composite materials. To give the 

fibers better bonding properties, their surface is slightly oxidized. The 

addition of oxygen atoms to the surface provides better chemical bonding and 

also etches roughens of the surface for better mechanical bonding properties. 

Oxidation can be achieved by immersing the fibers in various gases such as 

air, carbon dioxide, or ozone; or in various liquids such as sodium 

hypochlorite or nitric acid. The fibers can also be coated electrolytically by 

making the fibers the positive terminal in a bath filled with various 

electrically conductive materials. The surface treatment process must be 

carefully controlled to avoid forming tiny surface defects, such as pits, which 

could cause fiber failure. 

 

5. Sizing to reduce friction and defects between fibers 

After the surface treatment, the fibers are coated to protect them from damage 

during winding and weaving. This process is called sizing. Coating materials 

are chosen to be compatible with the adhesive used to form composite 

materials. Typical coating materials include epoxy, polyester, nylon, 

urethane, and others. The coated fibers are wound onto cylindrical bobbins. 

The bobbins are loaded into a spinning machine and the fibers are twisted 

into yarns of various sizes. 

 

D. Applications as CFRP 

Most common application of carbon fiber is through formation of CFRP, the 

carbon-fiber–reinforced polymer, carbon-fiber–reinforced plastic, or carbon-

fiber–reinforced thermoplastic. CFRPs can be expensive to produce but are 
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commonly used wherever high strength-to-weight ratio and rigidity are required, 

such as in aerospace, automotive, civil engineering, sports goods. In addition, an 

increasing number of other consumer and technical products began applications 

of fibers in their products. In numerous existing new products, CFRP became 

intermediate substrates expanding applications rather in an invisible way. 

Carbon fiber can be embedded in various applications directly as prepreg forms 

but CFRP is usually used in large scale applications. The first benefit of using 

CFRP is to save time. When raw carbon fibers are used to organize shape of 

products, RTM method is often used, but the process takes a long time for 

setting carbon fibers to a solid shape, injecting resin and cooling down the 

residual heat in the resin. Especially, large scale industry products such as fuel 

tank, aircraft, or spaceship need more time for processing and drive the 

manufacturing costs higher. On the other hand, once manufacturers create laser 

cutting tools, CFRP can be easily cut into specific shapes and cooling down 

becomes unnecessary during manufacturing. Advantageous properties of CFRP 

are lower weight, higher strength, enhanced durability, extremely low thermal 

shrinkage, and high expansion resistance. 

 

III. Demand Forecasting Methods for Carbon Fiber 

A. Science of Demand Forecasting  

1. Value of demand forecasting 

Demand forecasting is an art as well as science of forecasting demand of a 

product or service in anticipation of changes that can be translated into 

business planning and management for government and businesses. The 

strategic and quantitative forecasting has become an essential decision 

support tool in holistic execution of government functions and corporate 

supply chain management. Demand forecasting involves techniques 
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including both informal methods, such as educated guesses, opinions and 

various quantitative methods. Observations and subjective views based on 

historical facts, sales data, and any all relevant information may provide a 

forecast either qualitatively or quantitatively. Often, statistical techniques 

are used in analyzing past and current sales data or from the test markets. 

Demand forecasting may be used in production planning, inventory 

management, and at times in assessing future capacity requirements, or in 

making decisions on whether to introduce a product or service to a new 

market. 

 

2. The prediction methods/models 

Both qualitative and quantitative methods are used for demand forecasting. 

Qualitative methods usually focus on short term forecasting and rely on 

expert opinions. Expert opinion polls, Delphi methods, and others are some 

of the qualitative methods. On the other hand, time series models including 

exponential smoothing method, Bayesian models, regression models with or 

without seasonality adjustment and Markov chain models are included in 

the quantitative methods. Although much of the techniques and models are 

statistical in nature, it is not guaranteed that a quantitative method is 

superior to other heuristic predictions based on comprehensive views or 

consensus. Based on business objectives, they are used as decision support 

tools instead of substituting human decisions. 

 

B. Product Life Cycle (PLC) 

1. Definition 

Product life cycle (PLC) is the cycle through which every product goes 

through from introduction, growth, maturity, decline and eventual extinction 
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or residual [5]. It often signifies the entire lifetime history of a product or 

technology from birth to death in a macroscale. The size and shape of a 

product life cycle are unique and cannot be generalized. However, the 

general features are quite the same for all products and technologies. The 

time it takes from birth to complete decline or death by removal of the 

product from the market cannot be accurately predicted. Nevertheless, 

development of PLC to a given time point facilitates a prediction for the 

future time horizon. 

 

2. Stages of PLC 

A product life cycle normally consists of four or five stages; introduction, 

growth, maturity, saturation, and decline. Saturation and decline may be 

combined into just decline stage [5]. In the introduction stage, product is 

first brought into market. The product may occupy a small market share and 

then is followed by a growth stage which may be short or long. When the 

growth rate accelerates significantly, it is recognized as a growth stage. It is 

followed by maturity stage then the products are widely used and saturate 

the market. The growth rate is decreased in the maturity stage and the 

manufacturers make effort to maintain its competitiveness as much as 

possible. The next step is a decline stage but timing is quite difficult to 

predict as it depends on the business strategy of the company as well 

emergence of new technologies. In this stage, the growth rate becomes 

negative. Usually a decline stage is determined by new products in the 

market or change of consumer preference, lifestyle changes, and a strong 

cost competition from new processing technologies. This term ‘market’ 

means sales of a product or usage of a product. The strength of a product 

remains is retained until new products replace it.  

 



10 
 

3. Usefulness of applying PLC 

There is no such thing as an ‘ideal model’ for predicting future demand. A 

product life cycle approach is used primarily for prediction of demand for a 

product in a long macro scale. Many examples exist for predicting product 

demand through product life cycles with success. While the usefulness of 

PLC approach has been cited, one shortcoming is that the usefulness and 

appropriateness cannot be judged until the PLC is completed. In this sense, 

PLC could be viewed as an art in addition to being a science based and 

shapes and numerical analysis. It is simply a well-recognized tool in 

studying the long term trends of a product in economic research. The fact 

that many products historically follow a long term trend similar to that 

postulated by the life cycle concept has been validated by Polli and Cook in 

1969 [5]. 

While PLC concept is descriptive and heuristic in nature, it still has to be 

formulated and validated through a mathematical model. Often ‘S-curve’ is 

selected as a model from introduction stage to maturity stage especially 

when historical data are not abundant. As this is also called a logistic 

function, the general equation will be given in a subsequent section. 

 

IV. Objectives of the Study 

The objective of this study is to forecast the aggregate carbon fiber demand for 

the period 2016 – 2026 based on 1) five major carbon product categories that 

currently have historic demand data, and 2) the residual demand estimated from 

miscellaneous carbon products that have been in the market but without specific 

consumption data and other unspecified products that are yet to emerge, based on 

certain qualified assumptions.  
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V. Methodology 

A. Demand Forecasting for Five Major Product Categories by Using PLC 

Model 

Global trends for promoting environmental regulations accelerated application of 

carbon fibers in different industrial products. They include; construction, energy 

plant, windmill blades and certain types of automobiles for improving energy 

efficiency. Common features in these applications have been lighter weight and 

enhanced strength. Advantages from these characteristics defined the application 

areas initially for carbon fibers but they were expensive alternatives. For this 

study, three well-known applications, namely, commercial aircrafts, wind turbine 

blades, and automobiles, were selected, and two other potential applications, 

namely, motorcycles and superyachts were added although the sales volumes 

have been rather low. These five applications represent ‘major product 

categories’. 

Each application has defined its own markets, showing different takeoff point, 

growth speed, and different maximum market potential. This study will attempt to 

forecast the future demand based on the demand to current time point based on 

PLC models.  

On carbon fiber car, not many carbon composite automobiles were launched 

except BMWi3. It is anticipated, however, that carbon fibers will become popular 

in in high-end automotive markets. As technologies develop continuously, 

adoption of carbon fiber is expected to accelerate among other car manufacturers. 

As soon as advantages of using carbon fiber are understood and valued by 

consumers in terms of environmental concerns or carbon footprints and fuel 

efficiency, the demand for carbon fibers in automobile applications grow 

exponentially for multiple product lines. At the moment, however, the existing 

data on one single product is the only guide for the future. Efforts will be made in 
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this study to determine the growth rate and the maximum growth potential for 

each of the five selected application categories. Each application will be examined 

using all available data in order to formulate a product life cycle.  

The equation and parameters in obtaining PLC are described below.  

Y =
𝑘

1+𝑎𝑒𝑏(𝑡−𝑡0)  [6]        ⋯ (1) 

where,  

Y = carbon fiber demand 

k = limit parameter 

t = time 

t0 = initial time point (at birth of a product) 

α and β = parameters of PLC curve  

Demand (Y) 

 Time (t) 

Figure 2. Typical Product Life Cycle Curve 

 

The PLC curve will be developed for each of the five product categories based on 

the available demand/sales data. The parameters Alpha (α) and Beta (β) are the 

shape parameters that are unique to the product. Based on the annual consumption 

or demand during the period 2011 - 2015, an appropriate logistic curve can be 

calculated by using the least squares methods. Here, t0 is the initial time point 

k 
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where the PLC curve was born. The five product categories had different initial 

time points. Especially, the markets of motorcycle and superyacht have had t0 of 

2016 as they were not produced by using carbon fibers.  Here, ‘k’ signifies the 

maximum capacity of carbon fiber demand in a given category. Again, that means 

each application has its own k value.  

 

 

B. Residual Demand – Definition and Estimation Methods  

‘Residual demand’ is an important new concept for estimating aggregate demand 

that results from demands that are not incorporated in the five major categories 

and the future demands for the same products as well as the products yet to be 

born. In short, residual demand means all other demands combined excluding the 

five product categories for the past and the future. Mathematically, a residual 

demand is the difference between the total demand and the aggregate demand of 

the five product categories. Therefore, the key concept is to estimate the ratio mt 

between the two for every time point, past and future. 

𝑚𝑡 =
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐷𝑒𝑚𝑎𝑑 (%)

𝐷𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 % 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (%)
                 ⋯ (2) 

at time t, and then estimate the total carbon demand Dt simply by multiplying the 

aggregate demand of the five key carbon products by this number at each time t 

as: 

 Total Carbon Fiber Demand (Dt) 

= Total demand of Five Products (𝑌𝑡)× 𝑚𝑡                    ⋯ (3) 
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One approach for estimating the total demand is to estimate the specific ratio 

between the total demand of the five major carbon products and the residual 

demand for each time point up to now, and make a conjecture on how this ratio 

may change in the future. That is to say the total carbon fiber demand may be 

obtained by multiplying a constant mt at time t.  For example, at t = 2012, the 

market shares (in %) of the five major products were: wind turbines (24.6%), 

commercial aircraft (8.98%), and automobile (5.6%), motorbike (0% - 

insignificant), super-yacht (0% - insignificant) making up a total of 39.2% of total 

carbon fiber market [2]. Therefore, the residual demand (in %) at time t = 2012 is 

estimated at 60.8%. 

Actually,  

mt at t=2012 = [Residual Demand (%)]/[Total Demand for 5 Products] 

= 60.8/39.2 = 1.551 

For 2013,   

mt at t=2013 = [Residual Demand (%)]/[Total Demand for 5 Products] 

= 64.2/35.8 = 1.793 

So, the prediction of future demand, say at t = 2020 can be obtained first by 

forecasting the demand for 2020 and multiply mt at t=2020 (let’s assume it is 

3.50). If total demand for the 5 products is 7000 tons (a hypothetical number), 

then the residual demand would be 7,000 × 3.5 = 24,500 tons.    

However, the proportion of residual demand in the entire carbon fiber market has 

changed as time passed. According to a global strategic business report 2014 [4], the 

proportion of residual demand (carbon fiber demand except five product market) is 

increasing slightly, although total demand of carbon fiber is increasing. In table 1, the 

proportion of five products had decreased by 3.4 % from 39.2 % in 2012 to 35.8 % in 

2013. On the contrary, it means the proportion of residual demand had increased by 

3.4%. 
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Table 1. Proportion of Five Key Carbon Products 

 
2011 2012 2013 

Wind Turbine 26.8% 24.6% 20.1% 

Commercial Aerospace 9.4% 9.0% 5.2% 

Automobile 5.9% 5.6% 10.5% 

Motorbike 0% 0% 0% 

Superyacht 0% 0% 0% 

Sum of Five Products 

(%) 

42.1% 39.2% 35.8% 

Residual Demand (%) 57.9% 60.8% 64.2% 

Proportion (mt) 1.36 1.62 1.73 

 

 

Figure 3. Residual Demands (%) and Proportion 𝑚𝑡 for 2011 – 2013 

57.90%

60.82%

64.20%

54.0%

55.0%

56.0%

57.0%

58.0%

59.0%

60.0%

61.0%

62.0%

63.0%

64.0%

65.0%

2011 2012 2013
𝑚𝑡 = 1.36 𝑚𝑡 = 1.62 𝑚𝑡 = 1.73 
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Figure 4. Market Shares of Five Key Products during 2011 

 

Figure 5. Market Shares of Five Key Products during 2012 
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Figure 6. Market Shares of Five Key Products during 2013 

 

C. Estimation of Total Demand by Superposition of PLCs 

Total demand of carbon fiber at any given time point would be composed of 

demands from all products where carbon fibers are used. Therefore, demand for 

each product or market is a component of the total. Because the demand for each 

product would be time dependent, superposition of PLC curves along time axis is 

one simple way to obtain the total demand. Because PLC curves converge to 

maxima at different time points with various speeds, this method is most 

appropriate for obtaining a dynamic demand forecasting over a long time horizon. 

If a total demand curve can be described in one functional form, it will be a 

logistic function. However, as each application has its own maximum market 

potential at different time point, obtaining such a function is not an easy task in 

mathematical sense. In reality, the real difficulty lies in estimating how quickly, if 

at all, carbon fiber may replace the existing raw materials, and that depends on the 

advantages coming from functionality, costs of fiber, cost of processing and 

consumer preference of carbon products due to environmental awareness. For this 
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reason, estimation of total demand of carbon fibers is an art as much as a 

quantitative science.  

 

VI. Analysis by Major Product Categories 

A. Carbon Fiber Demand in Automotive Markets 

Modern society demands strict regulations for energy saving and protection of the 

environment. Compare with the past, citizens are aware of how much pollution 

problems are serious and making effort by purchasing environment-friendly 

products or fuel-efficient vehicles themselves. In addition, since Kyoto protocol 

[10] was accepted on December 2012, many related regulations and tax 

obligations have been implemented starting from developed countries to 

developing countries.  Also, some of the legal restrictions have encouraged 

consumers to purchase consume eco-friendly products. Consequently, these trends 

have become a driving force for many industries to adopt carbon made products 

for lighter weight and better safety.  

When BMW i3 was first introduced as an automobile mass-produced using 

carbon fiber reinforced electric car, the price was $40,000 and was $11,000 more 

than the similar class of electric cars such as Nissan Leaf. For BMW i3, about 

150kg of CFRP was used in body frame and roof.  As BMW i3 was sold since 

2013 and only less than 3 years’ of sales data exist as of now. It was reported that 

40,109 of BMWi3 were sold during 2014 - 2015 [8]. 
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Figure 7. Weight Reduction Ratio of Carbon Reinforced Car [12] 

The demand for BMW i3 can be found only for a two-and-a-half-year period as 

shown in Table 1 below. These data are insufficient for making any prediction for 

the future without making bold assumptions. Nevertheless, an attempt has to be 

made as this market is so important for the future of carbon demand in general. 

 

1. Existing demand for carbon fiber in automotive markets [8, 11] 

Table 2. Sales data on BMW i3 for 2011 - 2015 

 2011 2012 2013 2014 2015 

BMW i3   1,147 16,052 24,057 

Consumption 

(ton) 
  172 2,408 3,609 

   

2. Forecasting future demands  

Since the market of BMW i3 began to exist since December 2013, the figure 172 

for 2013 is quite misleading and it was taken into account in obtaining the PLC: 

Based on the data,  
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Y =
𝑘

1+𝑎𝑒𝑏𝑡
     ⋯ (4) 

PLC equation of carbon fiber automobile is calculated as 

Y =
111000

1+55𝑒−0.286𝑡   ⋯ (4-1) 

where α is 55 and β is -0.286 

The value ‘k’ is a maximum limitation of carbon fiber usage that automobile 

market can reach. This values is determined by information that annual electric 

car production is 740,000 [13] and 150 kg of carbon fiber were used per car. 

Low weight is important factor for electric car to achieve maximum mileage as 

much as normal car. It is assumed that all of electric car adopted CFRC. 

 

Figure 8. Demand Forecasting of Carbon Fiber Automobiles, 2013 – 2026 

 

B. Carbon Fiber Demand in Commercial Aircraft Market 

Carbon fiber adoption by commercial aviation industry is led by Boeing 787 and 

Airbus A350. Both Boeing and Airbus already started to deliver their airplanes 
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to customers. In case of Boeing, they received orders since 2005 but the first 

delivery was made up on 2011. Since 2005, orders of planes made of carbon 

fiber composites increased to hundreds but the actual deliveries were shown 

since 2011 [14]. 

It is said [15], around 55,000kg of CFRP is used per each Boeing aircraft and 

that 50% of Boeing and 52% of Airbus are already using CFRP. In computing 

the weight of fibers consumed in Table 3 below, it was assumed that 58 tons is 

assigned on Boeing and 52.7 tons for Airbus. Boeing 787 and Airbus A350 have 

different carbon fiber usage but it is assumed as 55 tons of carbon fibers. 

 

1. Existing demand for carbon fiber in commercial aircraft market 

Table 3. Carbon fiber consumption by aircraft industry; 2011 – 2015 [14] 

 2011 2012 2013 2014 2015 

Boeing 787 3 46 65 114 135 

Airbus A350    1 14 

Sum 3 46 65 115 149 

Consumption 

(ton) 
165 2,530 3,575 6,270 8195 

   

2. Forecasting of future demands 

Based on PLC equation, the equation of commercial aircraft is calculated as 

Y =
57538

1+137𝑒−0.909𝑡
    ⋯ (4-2) 

where α is 137 and β is -0.909. 

The maximum limit of carbon fiber usage ‘k’ in commercial aircraft is estimated 

to be 57,538 tons by multiplying 1,046, the total number of aircraft to 55 tons 

per aircraft. The combined market share of Boeing and Airbus was 65% of the 

entire aircraft market [18]. It is reported [4, 20] that Boeing delivers roughly 340 
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aircrafts annually and the number is similar for Airbus. Therefore, it is estimated 

that the total annual deliveries of commercial aircrafts globally is  
2×340

0.65
=

1,046 . Here, it was assumed that all new commercial airplanes are made of 

carbon fiber ultimately. 

 

 

Figure 9. Demand Forecasting of Carbon Fiber Aircraft in 2011 – 2026 

 

C. Carbon Fiber Demand in Wind Turbine Blade 

The technology used in manufacturing wind turbine blades has evolved over the 

past 20-plus years. Blade making has migrated toward processes that minimize 

cycle time and reduce both cost and the probability of defects. Today the trend is 

toward Automated Tape Layup (ATL) or Automated Fiber Placement (AFP) to 

reduce labor and improve quality, whether one uses dry fiber or prepreg tape. 

Manufacturing process took blade manufacturing technology to a higher level 

for longer, thinner, and lighter blade. Meanwhile, materials in blade production 

have not evolved as rapidly. Resin technology has expanded somewhat to 
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include both polyester and epoxy on a broad scale. Wood or foam cores are still 

used in many cases. Throughout the early growth of the industry, basic 

fiberglass reinforcements have changed very little. The pace of that change, 

however, is now beginning to accelerate. The advantage of a high performance 

fiber like carbon fiber is most prevalent in the tensile properties. In the design of 

a wind blade the advantage of novel fibers like carbon is realized in the tensile 

direction.  

As it shown in table 4, carbon blade have 25% less weight although it cost 28 % 

more. 

Table 4. Glass Fiber and Carbon Fiber Comparisons for Wind Blades 

 Glass Blades Carbon Blades Difference 

Mass (tons) 35 26 -25% 

Cost (kc) 190 244 +28% 

It is assumed that the wind turbine blades which are produced recently contain 

carbon fibers. In fact, most of major wind turbine blade manufacturers; Vestas, 

Gamesa, Enercon, AREVA and GE, are using carbon fibers in their latest wind 

blades. Asit is known that around 25 tons of carbon fiber is consumed in case of 

single 100m long wind blade [24] and most wind turbine blades are 35m in 

length, it can be estimated that one wind turbine uses an average of  

25 × 
352

1002 ×3 =  9.2 tons of carbon fibers for the common wind turbine having 

three blades. According to a report by Global Wind Energy Council (GWEC), in 

2014 [21], China accounts for 45.1% of new wind energy equipment installed, 

or roughly 13,000 sets of wind turbine blades [22]. It is estimated that 28,824 

sets of wind turbine blades are produced. However, the industry-level wind 

turbines, which require high weight reduction and high strength, are speculated 

to be only 10 % of the entire wind turbines. The annual carbon fiber 

consumption was calculated based on the reports from 2010 to 2015 [23]. 
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1. Existing demand for carbon fiber in wind turbine blades 

Table 5. Carbon Fiber Consumption by Wind Turbine Blades; 2011 - 2015 

 2011 2012 2013 2014 2015 

Wind turbine 22628 25082 19937 28824 35348 

Consumption 

(ton) 
20818 23075 18342 26518 32520 

 

2. Forecasting of future demand 

Based on the dada, the PLC equation for wind turbine blades is calculated as: 

Y =
265180

1+13𝑒−0.093𝑡    ⋯ (4-3) 

where α is 13 and β is -0.093. 

The maximum limit of carbon fiber usage ‘k’ in wind turbine market is to be 

assumed not to exceed 10 times the 2014 total consumption for wind turbine 

blades, which amounts to 265,180 tons. While the number is not highly reliable, 

its impact for the total demand consumption would be small.   

 

Figure 10. Demand Forecasting of Carbon Fiber Wind Blade in 2011 – 2026 
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D. Motorbikes 

1. Existing demand for carbon fiber in motorcycle markets 

The high-strength, light-weight properties of carbon fiber have taken sporting 

goods to the next level of performance. Golf shafts, racquets, skis, snowboards, 

hockey sticks, fishing rods, and bicycles have all been advanced through carbon 

fiber reinforcements. Considering the key characteristics of high specific 

modulus and tensile strength, producers of sporting goods rely on carbon fiber 

materials as basic material for manufacturing their goods.  

The trend was initiated in the 1970s with the introduction of carbon fiber based 

tennis rackets, golf club shafts, and a conventional tow carbon fiber comes in the 

form of untwisted bundles of filaments that are less than 24,000 threads. Small 

tow carbon fiber is commonly used in sports goods and aerospace and defense 

applications. Production wise, small tow carbon fiber represents nearly 2/3rd of 

worldwide carbon fiber output. 

Motorcycle industry began using carbon fibers in accessories such as helmets, 

protection equipment and wheels. However, there were no companies initially 

that launched carbon fiber reinforced motorcycles that were made of 100% 

carbon fibers including all parts that were assembled and mass-produced. Not 

much data exists on carbon fibers reinforced motorcycles are mass-produced, 

except for racing motorcycles. A report in ‘Desmosedici RR’ for racing and road 

riding shows that over 400 motorcycles are produced annually [25]. As it was a 

limited amount of production, the carbon fiber consumption data were not 

reported regularly since then.  BMW is now said to be developing facilities for 

producing CFRP motorcycle frames [16]. It is estimated that 25 kg of carbon 

fibers are used in one motorcycle. Ducati ‘Desmosedici GP’ is an example for 

estimating carbon fiber consumption per motorcycle. It has 157 kg weight while 

other typical cruise-style motorcycles weigh 180 kg. It is known that common 

motorcycle frame weight is roughly 10 kg. When other parts in Figure 11 are 
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considered, an estimate 25 kg of carbon fibers per motorcycle appears 

reasonable.   

 

Figure 11. Carbon Fiber Reinforced Parts in Ducati Motorcycles [17] 

 

2. Forecasting of future demand in motorcycles 

Based on the limited available data, a PLC equation for carbon fiber use in 

motorcycles can be calculated as: 

Y =
158948

1+396𝑒−0.182𝑡    ⋯ (4-4) 

where α is 396 and β is -0.182. 

Here, the maximum limit of carbon fiber usage ‘k’ in motorcycle market is 

estimated by the sum of BMW 136,963 and Ducati 21,985, or 158,948 [26, 27]. 

For the motorcycle market, the initial time point t0 was set at 2016 and the total 

sales of motorcycle were estimated at 400 and 480 in the first two years.  



27 
 

 

Figure 12. Demand Forecasting of Carbon Fiber Motorcycle in 2016 – 2026 

 

E. Superyachts 

Carbon fiber usage pioneered by the aerospace and motorsports industries has 

also trickled down into consumer product applications in recent years – carbon 

fiber bicycles, golf clubs and laptops immediately spring to mind. It appears 

yacht builders are using carbon fiber in superyacht construction. Despite carbon 

fiber being used for constructing yacht sections or appendages for some time 

now, only the past two years have seen the emergence of full carbon fiber 

superyacht projects. Superyacht market is usually accepting CFRP in hull design 

and even entire design [28]. Carbon fiber reinforced hull is not only light and 

strong but also do not rust. It is important trait of carbon fiber.  

According to the ‘BOAT’ magazine, 392 of superyacht are sold in 2015. In a 

case of 70m long yacht, it used 9,070 kg of carbon fiber in its structure [29]. If 

every superyacht uses carbon fiber, 3,555 tons of carbon fiber consumption/year 

is expected. 
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1. Existing demand for carbon fiber in superyacht markets 

There are not much data on carbon fiber reinforced superyachts except only a 

few examples such as Khalilah [28]. The data in Table 6 are not the total market 

sizes that include carbon fiber products. Superyacht market grew in recent years 

of 2011 – 2015. Instead of using glass fibers in superyacht manufacturing [30], 

carbon fibers are now being used in many product categories. Therefore, it is 

estimated that carbon fibers soon replace all other materials in producing 

superyachts.  

Table 6. Sales of superyachts, 2011 – 2015 

 2011 2012 2013 2014 2015 

Sales of 

Superyachts 
262 272 355 412 392 

 

2. Forecasting of future demand in superyacht 

Based on the available data, the PLC equation for use of carbon fibers in 

superyachts is calculated as: 

Y =
3071

1+340𝑒−0.693𝑡    ⋯ (4-5) 

where α is 340 and β is -0.693. 

The maximum limit of carbon fiber usage ‘k’ in superyacht market is estimated 

at 3,071 tons by multiplying 9.07 tons per yacht  ×  the average sales of 338.6 

superyachts per year for the period 2011 - 2015. The initial time point t0 was set 

as 2016. Sales of carbon fiber superyacht was set as one (1) for 2016 and two (2) 

for 2017 in facilitating a PLC formation. Because the known or reported demand 

is very small, the errors resulting from these estimates are negligible. 
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Figure 13. Demand Forecasting of Carbon Fiber Superyachts for 2016 – 2026 

 

 

 

 

 

 

 

0

500

1,000

1,500

2,000

2,500

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

C
ar

b
o

n
 F

ib
er

 C
o

n
su

m
p

ti
o

n
 (

to
n

s)
 

year



30 
 

VII. Composite Demand Forecasting 

A. Recent Demand of Five Major Carbon Products: 2011 - 2015 

For the five key carbon products, the known demands ae shown for the last 5 

years based on the data given in the previous chapters. Here, the summary is 

shown in Figure 14. Although the data are small for motorcycles and superyachts 

they formed the important elements for estimating the composite demands of 

these five products based on their PLC curves.   

 

Figure 14. Current Demand of Five Major Products 2011 – 2015 

 

0

5000

10000

15000

20000

25000

30000

2011 2012 2013 2014 2015

To
n

s 
o

f 
C

ar
b

o
n

 F
ib

er

year

Automotive Commercial aircraft Wind turbine Blades

Motorcycle Superyacht



31 
 

B. Aggregate Demand of Five Major Carbon Products for 2011 - 2026 

Each product category has different PLC function as explained before. The five 

products are: 1) Automobiles, 2) Commercial aircrafts, 3) Wind turbine blades, 4) 

Motorcycles, and 5) Superyachts and their corresponding equations are: 

𝑌1,𝑡 =
111000

1+55𝑒−0.286𝑡         ⋯ (4-1) 

𝑌2,𝑡 =
57538

1+137𝑒−0.909𝑡
    ⋯ (4-2) 

𝑌3,𝑡 =
265180

1+13𝑒−0.093𝑡    ⋯ (4-3) 

𝑌4,𝑡 =
158948

1+396𝑒−0.182𝑡    ⋯ (4-4) 

𝑌5,𝑡 =
3071

1+340𝑒−0.693𝑡    ⋯ (4-5) 

 

Aggregate demand of these five products 𝑇𝑡 is  

𝑇𝑡  =  ∑ 𝑌𝑖,𝑡 = {5
𝑖=1 𝑌1,𝑡 + 𝑌2,𝑡 + 𝑌3,𝑡 + 𝑌4,𝑡 + 𝑌5,𝑡}   ⋯ (5) 

=
111,000

1 + 55𝑒−0.286𝑡
+

57,538

1 + 137𝑒−0.909𝑡
+

265,180

1 + 13𝑒−0.093𝑡
 

+ 
158,948

1 + 396𝑒−0.182𝑡
+

3,071

1 + 340𝑒−0.693𝑡
 

This value 𝑇𝑡 is the aggregate demand of the five products obtained from the 

superposition of five PLCs. Although each product category has shown a linear or 

simple logarithmic forecast function, the total demand of five products (𝑇𝑡) shows 

a logistic function clearly and the aggregate function provides an estimate for 

each and every year for 2011 to 2026. 



32 
 

Table 7. Total Demand (𝑇𝑡) in tons for Five Major Products; 2011 - 2026 

Year Total Demand (𝑻𝒕) 

for Five Major Products (tons) 

2011 
19,119 

2012 
21,409 

2013 
26,663 

2014 
32,571 

2015 
42,237 

2016 
56,992 

2017 
73,805 

2018 
88,674 

2019 
100,005 

2020 
109,087 

2021 
117,557 

2022 
126,446 

2023 
136,275 

2024 
147,222 

2025 
159,201 

2026 
171,958 
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Figure 15. Demand of Five Major Products (𝑌𝑖𝑡) for 2011 - 2026 

 

 

C. Proportion of Aggregate Demands between Five Major Product Markets and 

Residual Market Demands 

In order to estimate the ultimate estimate Dt, the total demand of carbon fibers for 

2016 – 20126 for all products made of carbon, we must have a) 𝑇𝑡, the aggregate 

demand of the five major products for the entire period, and b) 𝑚𝑡,  a multiplier 

for 𝑇𝑡,  for to obtain the final answer.  

While 𝑇𝑡 is obtainable from Equation (5), the values of mt may be calculated only 
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whether we can quantify the growth.  For this purpose, we may examine the ratio 

𝑚𝑡  between the two demand categories and make projections on the ratio with 

respect to time if the ratio changes in a predictable manner. 

First, the aggregate demand of the five products and the corresponding 𝑚𝑡 are 

calculated by superposing the five logistic curves or the five PLC functions given 

previously for the 2011 - 2013 period. Before 2011, 𝑚𝑡 was low due relatively 

small demands coming from the residual carbon fiber markets as the aerospace 

market was predominant. However, from 2011 to 2013, other markets began to 

grow and the aggregate share of the five key markets have gradually decreased. 

On the other hand, it is quite unrealistic to expect that the proportion will diminish 
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to zero, or 𝑚𝑡 to increase exponentially to infinity. Therefore, by applying an 

inverse regression model [19] with y = 𝑚𝑡 and x = time (1, 2, 3, …),  

    𝑦 = A +
B

𝑥
                   ···· (6) 

was applied to the data shown in Table 7 to obtain   

               y = 33.8 +
8.61

𝑥
  .               ···· (7) 

In this equation, the minimum carbon demand from the five major applications 

was limited to 33.8%.  The correlation coefficient R = 0.947 was significant 

although the number of data points was small.  

 

Figure 16. Inverse Regression Fit using Data 2011 – 2013 (R = 0.947) 

Based on Equation (7), 𝑚𝑡 =
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐷𝑒𝑚𝑎𝑑 (%)

𝐷𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 % 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (%)
  , is obtained in Table 8 for 

the period 2011- 2026. 

As it is shown in Table 8 that, the mt value will increase from 1.38 in 2011 to 1.91 

for 2026, an increase of 38%. However, this can be a very conservative estimate 

reading many business articles where expert opinions are shown without an 

analysis.  
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Table 8.  Market Shares (%) of Five Major Products and Residual Demands and 

Computation of mt for 2011 – 2026 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. Estimation of Total Carbon Demand Dt for 2011 – 2026 

Finally, the total demand of carbon fibers Dt can be predicted and shown in Table 

9 by multiplying the mt values (Table 8) to Tt (Table 7) as follows: 

Total Carbon Fiber Demand (𝐷𝑡) = Tt  × 𝑚𝑡  ⋯ (8) 

Year 

(A) Demand for 

Five Major 

Products (%) 

(B) Demand for 

Residual 

Products (%) 

mt 

= (B)/(A) 

2011 42.1% 57.9% 1.38 

2012 39.2% 60.8% 1.55 

2013 35.8% 64.2% 1.79 

2014 35.9% 64.1% 1.78 

2015 35.5% 64.5% 1.82 

2016 35.2% 64.8% 1.84 

2017 35.0% 65.0% 1.86 

2018 34.8% 65.2% 1.87 

2019 34.7% 65.3% 1.88 

2020 34.6% 65.4% 1.89 

2021 34.6% 65.4% 1.89 

2022 34.5% 65.5% 1.90 

2023 34.4% 65.6% 1.90 

2024 34.4% 65.6% 1.91 

2025 34.3% 65.7% 1.91 

2026 34.3% 65.7% 1.91 
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Also the same data are shown in graphical form in Figure 17 for the entire period 

2011 – 2026.  

Table 9.  Estimated Total Carbon Fiber Demand (𝐷𝑡) for All Products; 2011 – 

2026 

Year 
(A) Demand for 

Five Major 

Products (tons) 

(B) Demand for 

Residual 

Products (tons) 

TOTAL DEMAND 

(𝑫𝒕) in tons 

= (A)+(B) 

2011 
19,119 26,003 45,121 

2012 
21,409 34,746 56,155 

2013 
26,663 46,100 72,764 

2014 
32,571 58,107 90,678 

2015 
42,237 76,787 119,024 

2016 
56,992 104,921 161,914 

2017 
73,805 137,056 210,861 

2018 
88,674 165,821 254,495 

2019 
100,005 188,009 288,014 

2020 
109,087 205,957 315,044 

2021 
117,557 222,653 340,209 

2022 
126,446 240,248 366,694 

2023 
136,275 259,468 395,743 

2024 
147,222 280,899 428,121 

2025 
159,201 304,392 463,593 

2026 
171,958 329,299 501,256 
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Figure 17. Total Carbon Fiber Demands (𝐷𝑡) for All Products and Their 

Distribution between Five Major Products and Residuals; 2011 – 2026 

 

VIII. Discussions and Conclusions 

While the objectives of this study were quite clear, the methodology and data for 

achieving the objectives were less than adequate.  However, the results at the end, in 

spite of many pitfalls, look quite reasonable and promising.  
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First, this study made a forecast for separate demand for each of the five products 

identified as important based on product life cycle (PLC) concept and model.  All 

products were assumed to be still at growth stages of carbon fiber use and have not 

passed the maturity stages of their PLCs yet. Indeed, in every product category where 

carbon fibers has been applied, the market share is still not highly significant in terms 

of the percentages. The actual demand and growth during 2011 - 2015 period were 

shown to be quite steady except the commercial aircraft market. This study does not 

hint exactly when the market will show an explosive growth. However, the PLCs 

suggest could be modified quickly with one or more years of data. The PLC models, 

as discussed, provide something when no other methods can be applied because of the 

data shortage. However, less than 5 years’ data for a brief period of 2011 – 2015 are 

simply are not sufficient for making a reliable PLC analysis. For a couple of products, 

data existed for only one or two years, making it difficult to construct a PLC curve.  

Moreover, assumptions in obtaining the maximum demand limit ‘k’ were somewhat 

subjective and the values in turn depended on the assumptions made on the maximum 

market capacities.  

Nevertheless, the following important tasks were accomplished: 

1) The PLC approach was applied for estimating the carbon fiber demand for 2011 – 

2026 period for each of the five key carbon fiber product markets. 

2) The composite demand for the five key carbon markets (Tt) was obtained 

successfully by superposition of five PLCs for 2011 – 2026. 
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3) A concept called “Residual Demand” was newly defined for the aggregate carbon 

fiber demand from all other products excluding the five major products and their 

values estimated. 

4) The ratios (mt) between the from residual demands of carbon fibers and the 

demands for the five major markets for 2011, 2012 and 2013 and obtained 

estimates successfully for the entire study period 2011 – 2026.  

5) The residual demand was estimated by using the demand ratios mt for the entire 

study period 2011 – 2026. 

6) The total carbon fiber demand (Dt) was forecasted for the entire period 2011 – 

2026 by adding the total demand of carbon fibers for the five key carbon markets 

(Tt) and the residual demand obtained by making use of the demand ratios mt . 

7) The total demand and consumption of all carbon fiber products is expected to 

reach 501,256 tons by year 2026.  

8) This demand of 501,256 tons for is at least twice as large as reported by an 

unpublished report in 2014 [4]. However, the estimates given in this is considered 

more reliable as it was based on more current and extensive data and more 

credible PLC models. 

9) As technology for fiber processing develops rapidly, costs of fiber production and 

product development would decline sharply, thus be obsolete for the lower 

estimates given rather than for the opposite.   
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