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Abstract
We analyse the long-term energy efficiency trends of selected 
energy-intensive production processes in Germany in the sec-
ond half of the 20th century. The processes we consider are the 
pulp and paper industry, the production of crude steel, cement, 
and primary aluminium. Together they represent about 34 % of 
the energy consumption in the German industry.

To analyse the time series, we use the experience curve ap-
proach, which is widely used for assessing the dynamics of spe-
cific costs for energy technologies, but has so far only rarely 
been applied to analyse energy-efficiency developments. We 
use the specific energy consumption as an indicator of the en-
ergy efficiency improvement and the cumulative production as 
an indicator of experience.

The results show learning rates in the range of 3.5–9.5  % 
for the specific primary energy consumption, that is doubling 
the cumulative production volumes results in 3.5–9.5 % lower 
energy consumption. Using available forecasts for industrial 
production shows efficiency improvements of 4.0 % by 2020 
and 6.9 % by 2035 compared to 2007 as the average across all 
processes considered.

Further, the results reveal huge improvements in energy ef-
ficiency for the period after WW2 and a rather slow improve-
ment in the last two decades for many processes. Energy ef-
ficiency has improved more for fuels than for electricity. In 
general, energy efficiency improved fast, when new processes 
entered the market as for example for electric steel and hardly 

improved for very old and mature processes like clinker burn-
ing or primary aluminium smelting.

In order to improve the robustness of these first analyses and 
conclusions follow-up studies looking at other processes, prod-
ucts and industries and also countries are certainly necessary.

Introduction
While improving energy efficiency is a central goal of Euro-
pean energy policy which is also included in the EU’s 20-20-20 
targets, there is a discussion about how much the individual 
demand sectors can contribute to these targets and beyond. For 
the entire EU, the industry sector contributed to about 25 % of 
final energy demand in 2010 and also in Germany the share of 
industry has remained more or less constant at about 30 % in 
recent years. Consequently, efficiency improvement in the in-
dustrial sector is essential. It is, however, unclear how much the 
industrial sector can contribute – in Germany as well as in the 
EU or globally. Particularly representatives from energy-inten-
sive industries have often emphasised huge energy-efficiency 
improvements in the past, which supposedly do not leave much 
room for further future improvement, even in the long term. 

Studies assessing energy efficiency potentials use various ap-
proaches. Some follow a benchmarking approach by comparing 
the average energy intensity in sectors or countries with best 
practice technology. Such an approach is used by Saygin et al. 
(2011), who find a global energy efficiency improvement poten-
tial in the energy-intensive processes of about 27 % by replacing 
all existing plants with best practice. About three quarters of this 
potential is available in developing countries. As they also men-
tion, this approach does not cover improvement potentials from 
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innovative technologies not yet on the market. Other studies are 
based on a bottom-up assessment of individual technologies in-
cluding innovations. For example Worrell et al. (2000) calculate 
a cost-effective energy saving potential of about 18 % for the US 
cement industry. De Beer et al. (1998) assess the impact of in-
novative technologies on the energy efficiency in iron and steel 
making. They conclude that the specific energy consumption of 
making steel from iron ore can be reduced to 12.5 GJ/t of crude 
steel compared to the world average of 24 GJ/t in 1990. Similar 
studies have been conducted for various sectors and countries 
(e.g. Hasanbeigi et al. 2010). Some very detailed bottom-up sim-
ulations even explicitly consider the turnover of the capital stock 
and the diffusion speed of energy-efficient technologies. Among 
those are two recent analyses of the European cement industry 
(Pardo et al. 2011) and the iron and steel sector (Pardo, Moya 
2013). They found an energy efficiency improvement potential 
for thermal uses of around 11 % from 2010 to 2030 for cement. 
For oxygen steel, the potential improvement of the specific en-
ergy consumption is in the range of 7–11 %. For Germany, only 
few such studies are available which look at energy-saving po-
tentials in energy-intensive industries. A broad assessment of 
most energy-intensive processes has recently been conducted 
(Fleiter et al. 2011; Fleiter et al. 2013) where the technical saving 
potential across all sectors was found to be around 14 % until 
2035. For the German paper industry, Fleiter et al. (2012) calcu-
late a technical energy efficiency potential of 16 % (electricity) 
and 21 % (fuels) until 2035.

While all these studies look at the long-term future, most 
do not at all take into account the past development or do this 
only for a rather short period of time. This is even more aston-
ishing given the long capital lifetime in the energy-intensive 
industries. We take this as a starting point and contribute to 
the discussion of energy efficiency potentials by taking a look at 
the very long term and analysing the energy efficiency develop-
ment for selected industrial energy-intensive processes during 
the 20th century. This includes the production of crude steel, 
cement, clinker, paper and primary aluminium. We followed a 
3-step approach. First, we gathered data on the specific energy 
consumption (SEC) of the major processes and their annual 
production output to develop time series which are as long as 
possible. Often, data comes from various sources and the col-
lected set of time series already provides new insights as such 
data has not been compiled before. Second, we use a classical 
“experience or learning curve” approach to analyse patterns in 
the SEC over time and across processes. We use the cumulated 
annual production output as a proxy for the cumulated expe-
rience. Our methodology allows us to compare learning rates 
and efficiency improvements in different industrial sectors. 
Third, we use the experience curve approach to forecast SEC 
until 2035 based on past observations.

The experience curve approach has been frequently used to 
forecast the specific costs of renewable energy technologies and 
their relation to their deployment, it has so far only rarely been 
used to analyse and forecast energy efficiency improvement. In 
line with this approach, we argue that it is rather the use and the 
application of a technology that results in efficiency improve-
ment (via optimization, replacement and R&D) than the simple 
passing of time. Or as McDonald and Schrattenholzer (2001) 
call it: “Unlike a fine wine, a technology design that is left on the 
shelf does not become better the longer it sits unused.”

The paper is structured as follows. We describe the learning 
curve approach applied in the next section, before we discuss 
the data used for each of the processes taken into account. Fi-
nally, we compare the learning rates calculated for the past and 
use them to forecast energy efficiency in the individual pro-
cesses until 2035.

Method used

THE LEARNING CURVE APPROACH
The learning curve approach is initially based on the empirical 
observation that tasks are performed faster the more often they 
are repeated. This has been successfully applied to time and 
cost efficiency in manufacturing processes (Taylor and Fujita 
2013). The later extension to total production and investment 
costs of new technologies modified the individual “learning-
by-doing” effect to “technological learning” (Klaasen et al. 
2005). In the last decade the learning curve approach has been 
adopted to study the decline of investment costs of energy tech-
nologies over time (IEA 2001, McDonald and Schrattenholzer 
2001, Neji 2008, Hettinga et al. 2009). Besides the cumulative 
production, such studies also use the cumulative installed ca-
pacity or the cumulative sales as a measure of the experience 
gained. McDonald and Schrattenholzer (2001) found a median 
learning rate of 16–17 % for their data set of energy technolo-
gies, which represents the reduction of unit costs for each dou-
bling of the cumulative production (or installed capacity). Most 
of the calculated learning rates are between 5 % and 25 %. In 
recent years, such analyses of cost dynamics have also increas-
ingly been conducted for energy-demand technologies (Weiss 
et al. 2010a and 2010b, Jardot et al. 2009, Jakob and Madlener 
2010, Schall and Hirzel 2012).

So far, the approach has been rarely used to analyse changes 
in energy efficiency over time. Chang et al. (2012) use the expe-
rience curve approach and explain changes in energy intensity 
as a function of cumulative global energy consumption. More 
specific to the industrial sector, Ramírez and Worrell (2006) 
have examined changes in SEC over time in the production of 
fertilizers in the US from 1961 to 2001. They used the cumula-
tive production of fertilizers as an indicator of the experience 
gains. For ammonia they find a learning rate of 29 % and for 
urea of 12 %. Our methodology, as described in the following, 
is based on the approach of Ramírez and Worrell (2006), who 
are – to our knowledge – the first to use experience curves to 
analyse changes in the SEC of industrial processes over time.

STATISTICAL APPROACH
We use the One-Factor-Learning-Curve, eq. (1), which estab-
lishes a link between the energy efficiency, represented by the 
SEC, and experience in the production process measured as 
cumulative production CP. By taking the logarithm, the power 
function can be linearised, eq. (2).

	 (1)

	 (2)

𝑆𝑆𝑆𝑆𝑆𝑆! = 𝑆𝑆𝑆𝑆𝑆𝑆! ∗ 𝐶𝐶𝐶𝐶!! 

log 𝑆𝑆𝑆𝑆𝑆𝑆! = log 𝑆𝑆𝑆𝑆𝑆𝑆! + 𝑏𝑏 ∗ log 𝐶𝐶𝐶𝐶! 
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Where:
SECt	 specific energy consumption in year t
CPt	 the cumulative production in year t
SEC0	 SEC in the first year of production
b	 experience index

In the literature, different measures are used for the cumulative 
experience such as annual production, installed capacity or an-
nual sales (McDonald and Schrattenholzer 2001). Our choice 
to use the annual production as a measure for experience has 
some methodological consequences. Taking the installed pro-
duction capacity as a measure implicitly assumes that improve-
ments due to better operation are not accounted for, whereas 
this is the case when using the annual production. This is rel-
evant for Germany where little capacity expansion takes place 
in most energy-intensive industries. Also the regional scope 
plays an important role. While we consider production in Ger-
many, learning might take place in other countries. This is not 
necessarily captured in the annual production and thus mostly 
outside our scope.

The learning rate LR describes the decrease in SEC when 
doubling the cumulative production and is calculated using 
the experience index b as follows.

	 (3)

Ordinary least squares regression is used to fit eq. (2) to the 
data. The non-linear transformation of eq. (1) to obtain the lin-
ear function eq. (2) leads to minor deviations when compared 
to the non-transformed data (see van Sark 2008). These devia-
tions can be regarded as negligible when compared to other 
uncertainties. To quantify the statistical uncertainties we use 
the standard deviation of the LR σLR (see van Sark and Alsema 
2006). Taking the highly aggregated data and in some cases 
necessary adjustments of the data into account, the results of 
the LR are indicated with an uncertainty of 2σLR (see Results 
section) The coefficient of determination R² is used to estimate 
the goodness of fit (Fahrmeir 2003).

Data used
In order to calculate learning curves, yearly production data 
and SEC data are required for as long as possible. While the 
availability of production data is quite good, this is different for 
the SEC values. Depending on data availability for the process, 
we have either calculated the SEC data as the average SEC of 
industries and products in Germany or we have taken SEC data 

of the best available global technology (BAT). Production data 
and average SEC data of industries and products in Germany 
are obtained from associations, while SEC data of the BAT can 
be found in the scientific literature. In the following, we discuss 
the data sources used per sector.

We have initially screened all sectors with energy intensities 
higher than 4 kWh per euro value added. Among these, we 
did not find sufficient data for the glass, ceramics and chemical 
industry, and did not include them in the analysis. In a sec-
ond step, we identified the most energy-consuming processes 
within the selected sectors.

PULP AND PAPER INDUSTRY
We used production and average SEC data of the pulp and pa-
per industry association’s annual report (VDP). This publica-
tion contains production and final SEC data for the time period 
between 1955 and 2008. More detailed energy consumption 
data allowing statements about electrical, thermal, primary and 
final SEC is available for the years between 1973 and 2008. 

The electrical SEC was calculated using the data of the total 
amount of bought-in electricity, own production from hydro-
power and photovoltaics, sales of electricity and the produc-
tion data. The thermal SEC was calculated using data of the 
total amount of energy from fossil fuels and steam as well as 
the production data. Note that the auto-production of electric-
ity using fuels is within the system boundaries of the pulp and 
paper industry.

The data contain energy consumption for the production 
of the final products from the raw materials wood and waste 
paper without finishing processes (see Figure 1). Based on this 
data source, it was not possible to distinguish individual paper 
grades.

CLINKER AND CEMENT
Production and energy-related data of the products clinker and 
cement have been made available by the German cement as-
sociation (VDZ). In addition we used data from VDZ (2011 
and 2013b) and complemented the production data using sales 
figures of cement published in BDZ (2000). Production and 
sales figures of cement are strongly correlated throughout the 
years for which both types of data are available. In some time 
periods (see Table 2) production data of clinker and thermal 
energy data of cement have been approximated by using the 
clinker factor (share of clinker in cement production) and the 
data of the corresponding product. Potential errors of a neces-
sary assumption of the clinker factor have been estimated by 
variation of this factor and were added to the statistical uncer-

𝐿𝐿𝐿𝐿 = 1 − 2! 

 

Data type Used time 
period 

No. of data 
points 

Data source Comments 

Production data 1955–2008 54 VDP annual 
report 

Annual production data for Germany. 

Final SEC data 1955–1970 4 VDP annual 
report 

After 1970 the final SEC is calculated using the more 
detailed energy consumption data. 

Energy consumption data 1973–2008 36 VDP annual 
report 

Total amount of bought-in electricity, own electricity 
production from hydropower and photovoltaics, sales of 
electricity, thermal energy from fossil fuels and steam 
from district heating. 

 

Table 1. Overview of the pulp and paper industry data.
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tainty. Based on the relation of the production output of clinker 
and cement in the time period in which both data are available, 
we assumed a clinker factor of 0.83. A variation of ±0.03 leads 
to deviations of the LR of <0.5  % which was conservatively 
rounded to ±1 %.

On the basis of these data and assumptions we compiled a 
data basis for clinker from 1951 to 2011 and for cement from 
1951 to 2012. The process “clinker” is defined from the extrac-
tion of raw materials to the clinker kiln, while the process “ce-
ment” adds also the grinding of the clinker together with addi-
tives (see Figure 2).

STEEL
Various years of publication of the statistical yearbook of the 
German steel industry (WV-Stahl) were used for the produc-
tion and primary SEC of crude steel for the time period be-
tween 1960 and 2011. 

The data cover the production of crude steel (electrical steel, 
oxygen steel, Siemens-Martin steel and Thomas steel) from the 
raw materials steel scrap, coal and iron ore. Finishing like hot or 
cold rolling is outside the scope, (see Figure 3). The data for the 
SEC did unfortunately not allow distinguishing the individual 
production routes.

 
 

Intermediate or final product	
   Process 

Raw materials                                                             
(wood, waste paper, ...)  

Pulping processes       
(chemical, thermal, mechanical) Intermediate products 

Treatment processes                  
(dissolving, sorting, grinding, ...) Pulp Production process                      

(pressing, drying, ...) 

Paper, cardboard                                                  Finishing processes Finished products 

Figure 1. System boundaries of the SEC data of the pulp and paper industry. It includes the production of paper and cardboard from raw 
materials without finishing processes.

Table 2. Overview of the clinker and cement data. 

Data type Used time 
period 

No. of data 
points 

Data source Comments 

Production data cement 1961–2012 52 VDZ (2013a) Annual production data for Germany. 
 1951–1960 10 BDZ (2000) Approximation using sales data. 
Production data clinker 1979–2011 33 VDZ (2013a)  
 1951–1978 28 Approximation Approximation using the clinker factor and the 

production data of cement. 
Electrical SEC cement 
 

1995–2012 
1990–1994 
1951–1989 

18 
2 
39 

VDZ (2013a) 
VDZ (2013b) 
VDZ (2011) 

 
Assumed linear rise in time period 1991–1993. 
Values were determined graphically from figures. 

Thermal SEC clinker 1951–2011 61 VDZ (2011) Values were determined graphically from figures. 
Thermal SEC cement 
 

1997–2012 
1990–1996 
1951–1989 

16 
4 
39 

VDZ (2013a) 
VDZ (2013b) 
Approximation 

 
Assumed linear rise in time period 1991–1993. 
Approximation using the clinker factor and the thermal 
SEC of clinker. 

 

 

Intermediate or final 
product Process Raw materials                                                               

(quarry)  
Raw material mining                                                               
(extracting, breaking)  

Homogenization and 
storage Drying and grinding Raw meal Clinker burning 

Clinker Grinding Cement Storage and loading of 
cement 

Cement additives 

Figure 2. System boundaries of the SEC data of clinker and cement. Blue shows the system boundary of the clinker production process, 
including all processes from the raw material to the finished clinker. Red shows the system boundary of the cement production process. It 
includes the production and grinding of the clinker and other cement additives as well as the storage and loading of the finished product 
cement.
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ALUMINIUM
The annually published statistics on metal production (WBMS) 
provide production data of primary aluminium since the be-
ginning of aluminium production in Germany in the year 
1898. Additional assumptions and the publications by Franke 
(1986), Lesclous and Fridenson (1999) and Krone (2000) have 
been used to fill gaps in these data (before 1947). SEC data are 
mainly available in the form of the electrical SEC for the BAT of 
the primary aluminium electrolysis process. We used the data 
sources listed in the following table to create a corresponding 
SEC data series. It contains data representing the BAT of the 
electrolysis process and parameters of newly installed or avail-
able electrolytic furnaces, and therefore, in contrast to the other 
surveys, worldwide values. Due to irregularities at the time of 
the First and Second World Wars, we decided to concentrate 
the following analysis on the data beginning with the year 1947.

In this case the system boundary includes only the primary 
aluminium electrolysis process. We further intended to com-
pile data for the production of aluminium oxide and second-
ary aluminium, but the data collected are not sufficient for our 
analysis. Nevertheless, we state them in Table 5 as a reference 
for future research.

SUMMARY OF AVAILABLE DATA
To summarize, the SEC for the pulp and paper industry is based 
on the time series of energy consumption of the entire sec-
tor, for cement, clinker and crude steel it is based on product-
related data, whereas the SEC for primary aluminium is based 
on literature values for the BAT. Thus, from pulp and paper 
industry to primary aluminium electrolysis the system bound-
ary is also narrowed down.

For the analysis of a production process as a whole it is nec-
essary to combine electrical and thermal energy to final or 
primary energy. Final energy data were obtained by adding 
up thermal and electrical energy. For primary energy data, the 
electrical share is tripled. This simplification was unavoidable 
since detailed data of the fuel mix needed for a better estima-
tion were not available over the whole time period. In cases 
where only thermal or electrical energy data were available, 
final and primary energy have been approximated as these 
types of energy represent the dominant part of the total en-
ergy consumption in the corresponding production process. 
In this case, we assumed the missing energy carriers to be zero 
and final and primary energy has been calculated as described 
above. This was the case for clinker and primary aluminium 

Table 3. Overview of the steel data.

Data type Used time 
period 

No. of data 
points 

Data source Comments 

Production data 1960–2011 52 WV-Stahl Annual production data for Germany. 
Primary SEC data 1960–2011 52 WV-Stahl The calculation method of the primary SEC could not 

be clarified. 

 
 

 
 

Steel 
products 

Finishing 
processes Crude steel 

Electric arc furnace Steel scrap 

Steelwork Liquid steel Blast 
furnace 

Sinter Sinter plant Iron ore 

Coke Coke oven Coal 

Figure 3. System boundary of the SEC data of crude steel. The outdated production of Thomas steel and Siemens-Martin steel are not 
presented in this figure but also within the system boundary of the crude steel production, which includes all production processes from the 
raw materials to crude steel.

Table 4. Overview of the primary aluminium electrolysis data. 

Data type Used time 
period 

No. of data 
points 

Data source Comments 

Production data 1947–2009 52 WBMS Annual production data for Germany 
Electrical SEC data 2009 

2007 
2003 
2002 
2001 
1962–1995 
1961 
1953, 1955 
1950, 2007 
1950–1978 
1947, 1967 

1 
1 
1 
1 
1 
16 
1 
2 
2 
5 
2 

IPPC (2009) 
Worrell et al. (2007) 
Dienhart (2003) 
Quinkertz (2002) 
IPPC (2001) 
Briem et al. (2000) 
Schmitt (1961) 
Ginsberg (1958) 
Schwarz (2008) 
Werner (1978) 
Crussard (1978) 

BAT, lowest value indicated 
BAT, lowest value indicated 
BAT, lowest value indicated 
BAT, lowest value indicated 
BAT, lowest value indicated 
Parameters of newly installed electrolytic furnaces 
Lowest value of a “modern” electrolytic furnace 
Lowest values of “modern” electrolytic furnaces 
BAT 
Lowest values of “modern” electrolytic furnaces 
BAT 
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electrolysis. For the pulp and paper industry, cement and crude 
steel, data on all energy carriers was available and primary as 
well as final energy could be calculated without the need for 
additional assumptions.

Beside the SEC data we determined the annual production 
output of the considered processes which is presented in Fig-
ure 4. In total the products and processes covered in our study 
represent approximately a tenth of the total primary energy 
consumption of Germany and one third of the German indus-
try. The development of the total primary energy consumption 
of the considered processes is shown in Figure 5.

Results
We used the learning or experience curve approach described 
above to model the specific energy consumptions within dif-
ferent industrial sectors and for different processes and energy 
types such as primary, thermal or electrical energy. The data 
can be presented as the absolute or relative evolution of SEC 
either as a function of time or – closer to the learning curve 
approach – as a function of cumulative production. Both ab-
scissas will be used in the following, but for the dependent 
variable we will focus our attention on the evolution of SEC as 
compared to a base year, i.e. relative SEC.

Table 5. Overview of other aluminium data. The evaluation of these data does not lead to robust results and is not discussed further.  

Data type time period No. of data 
points 

Data source Comments 

Production data aluminium oxide 1955–2011 57 WBMS Annual production data for Germany 
Production data secondary aluminium 1955–2011 57 WBMS Annual production data for Germany 
SEC data aluminium oxide 2009 

2007 
2003 
2001 
1996 
1981 

1 
1 
1 
1 
1 
1 

IPPC (2009) 
Worrell et al. (2007) 
Dienhart (2003) 
IPPC (2001) 
Krone (2000) 
Winkhaus (1981) 

BAT 
BAT 
BAT 
BAT 
BAT 
BAT 

SEC data secondary aluminium 1975–1992 
1975–1982 

5 
6 

Kammer (2011) 
Erne (1984) 

Average values for Germany 
Average values for Germany 

 
 

Table 6. Overview of data used.  

Industry/product/process Scope Type of energy Time period No. of SEC 
data points 

Pulp and paper industry Sector Final energy 
Electrical, thermal, final and primary energy 

1955–2008 
1973–2008 

4 
36 

Cement Product Electrical, thermal, final and primary energy 1951–2012 59 
Clinker Product Thermal energy 1951–2011 61 
Crude steel Product Primary energy 1960–2011 52 
Primary aluminium electrolysis Process Electrical energy  1947–2009 33 
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Figure 4. Development of the annual production output of the considered processes in Germany.
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SEC DATA BASIS
Figure 6 shows the data basis of the SEC relative to the base 
year 2007. It contains the data extracted from the data sources 
mentioned above including the necessary assumptions. In ad-
dition the calculated or approximated (see Table 6) primary 
SEC are presented.

The SEC has decreased in time for most cases except for the 
electrical SEC in the pulp and paper industry and the electrical 
SEC in the cement industry. The increase of electrical SEC in 
the pulp and paper industry is to a large extent a result of the 
introduction of new technologies that need more electricity but 
lead to much higher savings of thermal energy (see Götz 2007). 
In addition, demand for higher quality, especially on cement, as 
well as increasing automation and environmental requirements 
led to an increasing electrical SEC compared to thermal uses 
(see Löckener 2013, Götz 2007).

LEARNING CURVES AND RATES
The time evolution of the SECs is easy to read but the change 
in SEC with respect to growing cumulative production is closer 
to the learning curve approach. Accordingly, Figures 7–9 show 
the learning curves as a function of the cumulative production 
and are a direct input for the learning curve approach. To make 
the different industries comparable, the cumulative production 
has been indexed with respect to the year 2007.

Similar to Figure 6, we observe a decrease in SEC as a func-
tion of cumulative production for all sectors under considera-
tion in Figure 7, except for the electrical SEC in the pulp and 
paper industry and in cement production. The reasons are the 
same as discussed for Figure 6. Also shown in Figure 7 are 
the fitted learning curves for the individual sectors and en-
ergy types. Some of the data reach back in time for more than 
five decades and yield both an informative relevant long-term 
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Figure 5. Development of the total primary energy consumption of the considered processes in Germany. The energy consumption of the 
clinker production process is included in the production process of cement.
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Figure 6. SEC over time. Dots, triangles and diamonds show the different types of SEC data which were introduced in the previous section. 
The lines represent the development of the primary SEC. The SEC of the year 2007 corresponds to 100 %.
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perspective as well as a good input for the learning curve ap-
proach. As described above, the logarithm of the cumulative 
production and SEC has been taken to linearise the relation-
ship between both quantities and to estimate learning rates. For 
closer inspection, Figure 8 shows the SEC as a function of cu-
mulative production with logarithmic axes. The validity of the 
learning curve approach manifests itself in a linear dependence 
between SEC and cumulative production in this logarithmic 
presentation.

While Figures 7 and 8 displayed the researched data basis 
and the corresponding learning curves, Figure 9 shows the data 
and learning curves that were calculated and approximated as 
described at the end of the last section. Overall, we observe a 
good agreement between the linear learning curve fit and the 
empirical SEC and production data. The results of the statistical 
estimates for all data under consideration are summarised in 
the Table 7. Table 7 shows that all coefficients of determination 

are greater than or equal to 0.79. Thus, the learning curves are 
clearly correlated to the data series (see van Sark and Alsema 
2006). The highest relative deviation between the learning rate 
and its standard error has been obtained for the primary energy 
consumption of the cement production. This is mainly due to 
the additional uncertainty resulting from the variation of the 
clinker factor. In general, the relative errors of the calculated 
LRs, 2σLR/LR, are less than 22 %. Please note that all LRs as 
obtained from the available data are significantly different from 
zero (at 5 % confidence level as shown in Table 7, but also (not 
shown) at 1 % confidence level).

COMPARISON OF LEARNING RATES
Figure 10 shows the LRs obtained for the different sectors and 
energy types with their individual statistical uncertainties. The 
(negative) LRs for the increasing electrical SEC have been omit-
ted.
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Figure 7. SEC over cumulative production. Dots, triangles and diamonds show the different types of SEC data points. The lines are the 
approximated learning curves. The approximated SEC and the cumulative production of the year 2007 correspond to 100 %.
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ures in the energy-intensive processes and calculated energy 
saving potentials until 2020 and 2035. As expected our results 
show the highest agreement with the “business as usual” sce-
nario of Fleiter et al. (2013). Most differences can be explained 
by different system boundaries. Furthermore, our results for 
the pulp and paper industry seem to be very optimistic. This 
can be explained by past improvements outside the production 
processes of the intermediate and the finished products, which 
are within the system boundaries of our analysis. The adoption 
of the shoe press was a leap in efficiency improvement, which 
cannot be expected to occur in the future (see Götz 2007, Fleit-
er et al. 2013). Our result shows that a forecast via the learn-
ing curve approach should be evaluated with a comparison 
between the technological development in the past and in the 
development that could be expected in future.

The weighted average of saving potentials leads to total savings 
of absolute primary energy consumption of 4.0 % between the 

Figure 10 shows that higher aggregated data leads to a higher 
LR. This was expected since surveys on products and whole in-
dustries include developments in energy efficiency from more 
than efficiency improvements of processes. For example, the 
generation of electricity in power plants belonging to paper 
mills is within the system boundaries of our survey of this in-
dustry. In addition, the substitution of whole processes, prod-
ucts and raw materials are included, for example the increased 
recycling quota of paper and steel.

FORECAST OF SEC 
Using the predicted production volumes of the study Fleiter et 
al. (2013), we made forecasts of the SEC in the years 2020 and 
2035 by extrapolating the LRs. The results are shown in Table 8.

We compared these results to the different forecast scenarios 
by Fleiter et al. (2013). Fleiter et al. conducted a model-based 
bottom-up assessment of individual energy-efficiency meas-
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Figure 9. SEC over cumulative production, logarithmic display. Squares display final energy, diamonds final energy data points. In the cases 
of the clinker production and the primary aluminium electrolysis (where both energy types are represented by one line) we used the symbol 
of the energy type that leads to lower uncertainties in the approximation. The lines are the approximated learning curves. The approximated 
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Table 7. Statistical Results. LR, R² and the standard error. The LRs have been rounded to the nearest half of integer percentage. The statistical uncertainties 
2σLR (or 2σLR + 1 % in the cases where the clinker factor was used for data preparation) have been rounded up to a half of integer percentage. LRs written in 
italic were obtained with assumptions based on the fact that the examined types of energy represent the dominant part of the final and primary energy. The 
statistical uncertainties of these LRs are qualitatively adapted. 
 

Industry/product/process Electricity Thermal energy Final energy Primary energy 

 LR ± 2σLR R² LR ± 2σLR R² LR ± 2σLR R² LR ± 2σLR R² 

Pulp and paper industry* -13.0 ± 2.0 % 0.79 16.5 ± 3.0 % 0.90 18.0 ± 3.5 % 0.86 9.0 ± 1.5 % 0.84 

Clinker 
  

12.5 ± 1.0 % 0.93 12.5 ± 2.0 %  12.5 ± 3.0 %  

Cement -6.0 ± 1.0 % 0.85 13.5 ± 2.0 % 0.94 12.0 ± 2.0 % 0.94 9.5 ± 2.0 % 0.93 
Crude steel 

  
    9.5 ± 1.5 % 0.80 

Primary aluminium electrolysis 3.5 ± 0.5 % 0.93   3.5 ± 1.0 %  3.5 ± 1.0 %  
 

* The LR of the final energy of the pulp and paper industry does not match the other results of this industry because of the different time 
periods we used. A survey on the final SEC in the time period 1973–2008 leads to a LR of 13.5 ± 2.0 %. This problem will be treated more 
precisely in the methodical discussion.
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A well-known problem of the learning curve approach is the 
dependence on the time period that is covered by the input 
data. We examined the time period between 1955 and 2008 for 
the final SEC of the pulp and paper industry and obtained a LR 
of 18 %, while for the period between 1973 and 2008 the LR is 
13.5 %. A possibility to estimate potential errors is to vary the 
time period examined and take time periods which are as long 
as possible to increase the number of data points.

As shown above, the learning curve regression and the data 
series are closely correlated. The largest deviations occur at the 
beginning of the analysed time period in some surveys (see Fig-
ures 7, 8 and 9). This phenomenon seems to occur systemati-
cally in surveys of highly aggregated data. The small number 
of analysed data sets in this study and the lack of comparable 
studies do not allow definite conclusions. Tests with synthetic 

years 2007 and 2020 and 6.9 % between the years 2007 and 2035 
(the absolute primary energy consumptions of the year 2007 are 
used to calculate the weighted average across products).

Discussion and Conclusion

METHODICAL DISCUSSION
Our analysis has shown that the learning curve approach can 
be used to describe the long-term energy efficiency improve-
ment in selected energy-intensive industries. For products and 
processes for which we were able to gather consistent data, we 
found a correlation between the increase in cumulative produc-
tion and the energy efficiency improvement. Still, a few caveats 
need to be considered. 

Figure 10. Summary of estimated LRs. The negative LRs of the electrical SEC of the pulp and paper industry and the production process of 
cement are not listed. Dots, triangles, diamonds and squares show the different types of energy. As already mentioned the LRs of the clinker 
production and the primary aluminium electrolyses can be adopted for final and primary energy as well, however the uncertainties increase.

Table 8. Forecast of the development of the SEC. This table shows the results of the trend extrapolation of the SECs and the percentage of savings. 

Industry/product/process 
Energy form 

2007 
[GJ/t] 

2020 
[GJ/t] 

2035 
[GJ/t] 

2020 
[%] 

2035 
[%] 

Pulp and paper industry      
Electrical energy 2.28 2.50 2.69 -9.75 -17.99 
Thermal energy 7.63 6.64 5.96 12.99 21.91 
Final energy 9.96 8.71 7.81 12.52 21.53 
Primary energy 13.96 13.02 12.33 6.75 11.68 
Clinker      
Thermal energy 3.51 3.38 3.26 3.91 7.25 
Cement      
Electrical energy 0.39 0.39 0.40 -1.93 -3.75 
Thermal energy 2.85 2.73 2.61 4.45 8.38 
Final energy 3.23 3.10 2.98 3.97 7.51 
 Primary energy 3.97 3.85 3.73 3.22 6.11 
Crude steel      
Primary energy 18.90 18.21 17.62 3.66 6.75 
Primary aluminium electrolysis      
Electrical energy 46.92 46.47 46.03 0.97 1.91 
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future improvements to be small in individual processes but 
noteworthy for whole product groups and industries. Thus, 
the results indicate that in order to achieve substantial energy 
savings in the long term, radically new process innovations or 
shifts between processes are required. Policies aiming at the de-
velopment and market introduction of new processes as well as 
R&D can support these changes. Furthermore, energy efficien-
cy goals should not be formulated for and individual process 
but for a whole industry. This would allow to lever larger sav-
ings potentials by shifts between different processes or a more 
integrated product process. As this observation is based on a 
limited data set follow-up studies looking at other processes, 
products and industries are certainly necessary.
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