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1  Introduction 
 

1.1 Materials demand and the energy use of the manufacturing industry 
In the past three decades, gross domestic product (GDP) per capita of the 
Organization for Economic Cooperation and Development (OECD) countries 
increased by +1.9% per annum (p.a.) and their population grew by +0.7% p.a. (CB, 
2012). In the same period, the growth rates of GDP per capita (+2.6% p.a.) and 
population (+1.7% p.a.) were by a factor of 1.5-2 higher in the non-OECD countries, 
most of which are developing countries and economies in transition (CB, 2012). 
Currently 80% of the global population lives in non-OECD countries while more than 
half of the global GDP is generated in the OECD countries (resulting in a difference 
in average per capita wealth by a factor of 6). Projections show that by 2035 the non-
OECD countries will generate about 60% of the total global GDP and will account 
for about 85% of the total global population (IEA, 2011).  
 

Population and economic growth in both OECD and non-OECD countries 
lead to an increasing demand for bulk materials which are consumed by various 
sectors of the economy. Between 1980 and 2010, worldwide demand for bulk 
materials increased substantially (see Figure 1-1). Past trends show that materials 
consumption tends to increase alongside GDP per capita as long as absolute levels of 
GDP per capita are low. At a certain level of GDP per capita, however, materials 
consumption appears to stabilize, i.e., decouple from GDP per capita growth (Chateau 
et al., 2005; Lysen, 2006). For example, apparent steel demand in the OECD countries 
stabilized between 400 and 600 kg per capita, paper demand between 150 and 300 kg 
per capita and the demand for cement between 400 and 700 kg per capita (Lysen, 
2006; IEA, 2007a). In most non-OECD countries, per capita consumption of various 
materials is less than half of these stabilization levels (Lysen, 2006; IEA, 2007a). In 
view of population growth and rising GDP in non-OECD countries and assuming a 
similar development pattern as observed in OECD countries in the past, it is therefore 
unlikely that the global production of bulk materials will level off until these 
stabilization levels are reached. 
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Figure 1-1: Worldwide materials consumption (in megatonnes (Mt) per year) and the compound 

annual growth rates (in % p.a.) between 1980 and 2010. Sources: USGS 
(1981a;b;2011a;b); FAOSTAT (2012a;b); IAI (2010); Simon and Schnieders (2011); 
WSA (2012); CIRFS (2012) 

 
Bulk materials are produced by the industry sector which accounted for about 

30% of total final global energy use in 20081 (142 exajoules (EJ)) (IEA, 2010a)). The 
production processes require energy in the form of (direct) heat, electricity and 
feedstock (e.g., as raw material for the production of plastics). Currently, more than 
90% of industry’s energy demand is provided by fossil fuels (see Figure 1-2) (IEA, 
2009a;b). Given the growth prospects of industry, and the related demand for energy, 
this could result in fundamental problems for a variety of reasons. Among them are 
the depletion of fossil fuels and the unequal geographic distribution of energy sources 
which represents a threat to supply security for many countries. In addition, historic 
evidence shows that the extraction, conversion and use of fossil fuels have caused 
problems for the environment and human health on global, regional and local scales 
(IPCC, 2007). One of the main concerns related to the use of fossil fuels is the release 
of carbon dioxide (CO2), which is regarded as the main driver for climate change 
(IPCC, 2007). The atmospheric CO2 concentration has increased from the pre-
industrial level of 280 parts per million (ppm) to 390 ppm by 2011 (IPCC, 2007; 
                                                 
1 In this thesis, industry covers the manufacturing industry according to the International Standard 
Industrial Classifications of All Economic Activities (ISIC) Revision 4 and it covers the total economic 
activity of Section C, and Divisions 10-33 (UNSD, 2008). 
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NOAA, 2012). An increasing CO2 concentration in the atmosphere will increase 
global surface temperatures and cause secondary impacts such as the accelerated loss 
of terrestrial biodiversity, ocean acidification and extreme weather events. In view of 
these impacts, many countries acknowledged the need to limit the global surface 
temperature increase to 2 oC (Meinshausen et al., 2009) which would require the CO2 
concentrations in the atmosphere to stabilize at 350-400 ppm (IPCC, 2007). However, 
if greenhouse gas (GHG) emissions continue to increase at current rates or above, the 
global surface temperature increase is likely to be between 1.1-6.4oC by 2090-2099 
compared to the levels in 1980-1999 (IPCC, 2007; IEA, 2011;2012b).  
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Figure 1-2: Total global final industrial energy use in 2008 with a breakdown (a) by sector and 

(b) by fuel type. Source: IEA (2009a) 
 

Concerns about climate change created international policy responses. In 
1988, the Intergovernmental Panel of Climate Change (IPCC) was established to 
increase scientific knowledge on various issues related to climate change and to 
provide policy advice to nations. In 1992, the United Nations Framework of Climate 
Change (UNFCCC) was established with the aim to stabilize the GHG emissions in 
the atmosphere in order to prevent dangerous interferences with the climate system 
(UNFCCC, 2012). The most important international policy outcome of the UNFCCC 
was the adoption of the Kyoto Protocol at the 3rd Conference of Parties (COP3) in 
1997 in Kyoto, Japan. The protocol, which entered into force in 2005, set mandatory 
emission reduction targets of 5.2% for industrialized countries and countries in 
transition (Annex I countries including the USA) for the period between 2008 and 
2012 as compared to the base year 1990. However, all negotiations until COP17 in 
Durban in 2011 failed to secure an internationally binding agreement following the 
end of the Kyoto Protocol. In Durban, all countries agreed to adopt a legally binding 
international treaty at latest by 2015, to be effective by 2020 (UNFCCC, 2011). 
However, it is expected that this treaty will most likely not be sufficient to limit the 
temperature increase to 2 oC (e.g., Blok et al., 2012).  
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The international climate policies are complemented by national and regional 

policies. In 2009, the European Union (EU) established the climate and energy 
package (EU, 2010) with three main targets for 2020, i.e., (i) to reduce the GHG 
emissions by at least 20% below the 1990 levels, (ii) to increase the share of energy 
consumption from renewable resources to 20%, and (iii) to reduce primary energy use 
by 20% compared to the baseline scenario by improving energy efficiency. Beyond 
these short term targets, the EU has also set climate goals for 2050. In its Energy 
Roadmap (EU, 2011a) it formulates the economy-wide GHG emission reduction goal 
of 79-82% by 2050 compared to 1990 levels. Assessment studies show that this goal 
can be reached by a mix of low-carbon technologies (EU, 2011b;c). Besides these 
government efforts, some industry sectors have started to collaborate at global level to 
collect data and agree on methodologies and to identify best practices to reduce their 
impacts on human health and the environment. Some of these initiatives have energy 
use and GHG emission reduction as their main goal, e.g., Cement Sustainability 
Initiative (CSI) of the World Business Council for Sustainable Development 
(WBCSD) (CSI, 2012), while others have a broader scope including, for example, 
toxicity impacts and social aspects, e.g., the Sustainable Apparel Coalition (SAC, 
2012). 
 

In view of the industry’s large share of energy demand, its importance for the 
economy (20% and 35% of the economy wide value added in the OECD and non-
OECD countries respectively; World Bank (2012a;b)) and the critical role it must play 
in any climate policy, there is a large body of analysis which addresses its energy use 
and GHG emissions (e.g., Groenenberg and Blok, 2002; Neelis et al., 2005;2007a; 
IEA, 2007a;2009c, Weiss et al., 2008). Furthermore, assessments have been conducted 
on the potentials of low-carbon technologies (e.g., Hermann and Patel; 2007; Shen et 
al., 2011; Kuramochi et al., 2012; Taibi et al., 2012; McLellan et al. 2012) and scenario 
projections for the future were developed (e.g., Price et al., 1998; Worrell and Price, 
2001; Groenenberg et al., 2005; Chateau et al., 2005; IEA, 2009c; Graus et al., 2011). 
Nevertheless, important knowledge gaps and uncertainties continue to exist and 
analysis is required to provide support to on-going energy and climate policy 
initiatives. 
 

Energy costs account for on average 12% of the total input costs of the 
industry (i.e., total of materials and supplies, energy, industrial and non-industrial 
services), share depending on the region and the sector. However, this share is much 
higher for sectors that also consume energy as raw material, e.g., as feedstocks in the 
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chemical and petrochemical sector2 or as coke use for the iron and steel production 
(Upadhyaya, 2010; UNIDO, 2011). The accurate measurement and reporting of 
industrial energy use is of ever-growing importance as a result of increasing energy 
use, related costs and the associated environmental impacts. Measured energy use data 
(at company level) forms the basis for national energy statistics and energy balances 
prepared at sector level (we refer to both as energy statistics in this section unless 
otherwise stated)3. In the Netherlands, for example, the Statistics Netherlands 
(Centraal Bureau voor de Statistiek, CBS) carries the full responsibility to compile 
energy statistics/balances from data provided by companies. Similarly, the German 
Statistics Office (Statistisches Bundesamt, DeStatis) publishes energy statistics for 
Germany (energy use by sectors) whereas the national energy balance is prepared by 
an association called the Working Group Energy Balances (Arbeitsgemeinschaft 
Energiebilanzen, AGE) which uses data from the energy statistics and from industry 
sources. Depending on the country, the roles and responsibilities of compiling energy 
statistics are shared in different ways among government bodies (especially statistics 
offices), companies, as well as associations. The International Energy Agency (IEA) 
collects the data prepared by the national statistics offices to prepare international 
energy statistics and energy balances to report the energy use of all nations in a 
consistent manner. The energy statistics prepared at national and international level 
provide detailed information about the total national energy use of the industry (e.g., 
iron and steel, textile, machinery etc.) at sector level with a breakdown by energy carriers. 
For important processes such as steam cracking or primary aluminium production, 
companies participate in energy benchmarking surveys to collect data on their plant 
level energy consumption (IEA, 2007a). The level of detail of the information collected 
by such surveys is higher compared to the sector level information provided in energy 
statistics. The information collected in energy benchmarking surveys and energy 
statistics could be used as complementary sources for energy analysis. To date, 
however, such a combined analysis has hardly been carried out. In the first part of this 
thesis, we therefore combine sector level data from energy statistics with plant data in 
order to quantify current energy efficiency and energy saving potentials.  
 

In addition to these analyses it is essential to measure the development of 
industrial energy efficiency over time to obtain key information about the effects of 
                                                 
2 Through out this thesis, we refer to the the manufacture of chemical and chemical products (Division 
20 according to ISIC Rev. 4 or Division 24 according to ISIC Rev. 3.1; UNSD, 2008) by using different 
sector names. We choose to do so in order to ensure that we follow the correct terminology according to 
the energy statistics of the region analyzed. In Chapters 2, 3 and 7, we use chemical and petrochemical sector 
according to IEA energy statistics. In Chapter 4, we use chemical industry according to the German Energy 
Balances. In Chapters 5 and 6, we use chemical sector according to the Dutch energy statistics. 
3 Energy balances provide the production, trade, conversion and use of energy within an economy in the 
form of a matrix by distinguishing all fuel types and expressing them in a common energy unit, e.g., 
tonnes of oil equivalent (toe). Energy statistics present the same data in original units, e.g., kilowatt hours 
(kWh) of electricity.  
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past developments on industrial energy use (e.g., energy prices, economic growth) and 
the effectiveness of energy policies/programmes. This is pivotal for new energy and 
climate policy making as well as for preparing scenarios on future industrial energy 
use. However, most research has so far focused on one side of the problem only, 
either monitoring industrial energy efficiency or projecting industrial energy use. Only 
few studies link the historic energy efficiency dynamics with future baseline 
projections and develop scenarios of future energy efficiency improvements based on 
best available and emerging technologies (e.g., Worrell et al., 2004). Best practice 
technologies (BPTs) which are currently used as well as new and emerging 
technologies that are more energy efficient than BPTs but not yet commercialized, 
may offer efficiency potentials beyond baseline projections. Quantifying these 
potentials is essential for short and long term target setting for industrial energy 
efficiency. In the second part of this thesis, we address this topic by monitoring 
historical energy use of the energy-intensive sectors and by combining this 
information with the potentials of energy efficiency technologies to project future 
industrial energy use.  
 

To reach the goals of long term climate policies, a portfolio of low-carbon 
technologies will be required including: (i) dematerialisation by increased recycling, re-
use and materials efficiency, (ii) fuel and feedstock switching to less CO2 intensive 
alternatives, and (iii) CO2 capture and storage (CCS). Similar to energy efficiency 
technologies, the last two options offer potentials to reduce industrial fossil fuel 
demand or the related CO2 emissions). Dematerialisation also offers strategies beyond 
production phase, namely in the use and end-of-life phases of materials (Allwood et 
al., 2011) which is outside the system boundaries of this thesis. 
 

Beyond improving industrial energy efficiency, biomass use as fuel and 
feedstock for steam generation and for chemicals production is emerging within 
industry. Similar to power plants, industrial plants can also be retrofitted with post-
combustion CCS technologies to reduce CO2 emissions. However, most scientific 
literature regarding the potentials of these technologies for industry are case studies 
focusing on the production of a single chemical from biomass or application of CCS 
to a specific type of industrial process. In contrast, there are no sector level 
assessment studies. Gaining more insights at sector level has advantages since all 
activities of a sector can be covered. Furthermore, similar sector level analyses could 
also be carried out for less energy-intensive sectors. These would provide first order 
estimates of CCS and biomass potentials for the total industry sector as well as the 
additional needs related to these technologies, e.g., resource requirements due to 
industrial biomass demand, or CO2 storage capacity related to emissions from 
industrial sources. In the third part of this thesis, we address these knowledge gaps by 
assessing the technical and economic potentials of CCS and biomass use for the 
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industry at sector level and we quantify to which extent they can contribute to 
industrial CO2 emission reduction in the long term. 
 
1.2 Measuring current industrial energy use and short-term energy 

efficiency improvement potentials 
In 2008, industry used approximately 120 EJ of final process energy (total of fuels, 
heat, electricity and the energy use in blast furnaces and coke ovens; see Figure 1-1). 
More than 90% of this energy use was provided by fossil fuels (IEA, 2010a). As a 
result of direct energy use, the industry sector emitted a total of 7.5 gigatonnes (Gt) 
CO2 emissions in 2008 (including process related emissions, but excluding indirect 
emissions from electricity generation; own estimates based on IEA, (2010b)). The cost 
of total industrial energy use (including electricity, excluding feedstock) is estimated at 
approximately 1012 US Dollars (USD) spent to generate a value added of 8 * 1012 USD 
(Saygin et al., 2010). In order to estimate the potentials of energy efficiency 
improvements, it is necessary to know the current energy use which is typically 
measured by two types of energy indicators: 

(i) Specific energy consumption: The factory gate-to-factory gate final energy use (in 
the form of steam, fuels and electricity) required to operate a process for 
the production of one unit of product is called specific energy consumption 
(SEC). While energy use can be expressed in gigajoules (GJ) or another 
energy unit, production is expressed either in physical terms (e.g., one 
tonne of steel) or in monetary terms (one USD of ammonia production). 
Most studies recommend the use of physical instead of monetary units, 
since it provides a better understanding of the technical efficiency of 
production (e.g., Freeman et al., 1997; Farla et al., 1997; Worrell et al., 
1997; Phylipsen, 2000; Boonekamp, 2005; Neelis, 2008). 

(ii) Energy efficiency index (EEI): All sectors produce more than one product 
and their total energy use cannot be simply expressed with respect to 
their total physical output since the products are often incomparable. The 
total energy efficiency of a sector can be expressed by aggregating the 
various production processes into a single value in two steps: (i) weighing 
the production volumes (in physical terms) with the respective SEC 
values and (ii) dividing this estimate by the sector’s total energy use as 
reported in the energy statistics. This ratio is called the Energy Efficiency 
Index (EEI) (Phylipsen et al., 1988). 

 
Depending on data availability, the energy use of industry sectors can be 

measured at plant or country level. The average SEC or the EEI of a plant or a 
country/region can be compared to a reference value (e.g., lowest SEC to produce 
ethylene or the region with the lowest EEI in the iron and steel sector) to quantify the 
short-term energy efficiency improvement potentials. 
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Using energy indicators, numerous studies were prepared for energy-intensive 

sectors, e.g., the iron and steel sector (e.g., Worrell et al., 1997; Farla and Blok, 2001; 
Kim and Worrell, 2002a; Phylipsen et al., 2002a;b; IEA, 2007a;2008a;2009c), pulp and 
paper manufacturing (e.g., Farla et al., 1997; Phylipsen et al., 2002a;b; IEA, 
2007a;2009c) and the cement sector (e.g., Kim and Worrell, 2002b; Oda et al., 2012). 
A few studies also address less energy-intensive sectors such as the food or the textile 
sectors (e.g., Eichhammer and Mannsbart, 1997; Ramírez et al., 2006a;b;c; Salta et al., 
2009; OEE, 2010). 
 

More recently, energy analysis based on physical indicators has attracted the 
attention of the international community. In its Energy Efficiency Directive (EU, 
2006), the European Commission recommends the use and development of 
harmonized energy efficiency indicators for calculating energy savings. Furthermore, 
in 2005, the leaders of the Group of Eight (G8) countries and the governments of the 
IEA member countries asked IEA to contribute to the G8’s Plan of Action for 
Climate Change, Clean Energy and Sustainable Development (G8, 2005). IEA fulfilled 
this request by studying (physical) energy efficiency indicators (IEA, 2007a). 
 

To date, only few products are typically included in country comparisons on 
industrial energy efficiency (mostly based on EEI), while actually the sectors produce 
several hundreds of products. One reason for the limited product coverage is the 
confidentiality of some production volumes in most countries and another reason is 
the lack of SEC data that are required to weigh the physical activity of each product to 
estimate the EEI. Furthermore, the EEI results often suffer from uncertainties in 
(energy) statistics that limit the reliability of comparisons (e.g., Karbuz, 1998; Farla 
and Blok, 2001; Neelis et al., 2007b; Fujimori and Matsuoka, 2011). Moreover, data 
available from statistics is often too aggregated for detailed analyses of industrial 
energy use (e.g., Weiss et al., 2008; Neelis and Pouwelse, 2008). The plausibility of 
comparisons would substantially increase if country level comparisons were 
supplemented by SEC values and production volumes at plant level, as collected by 
energy benchmarking surveys (individual plants or averages of all plants of the same 
kind). Moreover, the relevant data are generally kept confidential because they offer 
business relevant insights into the total energy costs and the technology level of 
plants. Furthermore, for small sectors, and in general, for the plants of the non-
OECD countries, available data is scattered or not surveyed at all. Dispersed 
information on processes is publicly available, but such data typically refer to a single 
plant for a specific region which may not be representative for the entire sector. 
 

Incomplete geographical coverage limits worldwide comparisons and setting 
global targets to improve energy efficiency. Similar data problems exist for the 
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chemical and petrochemical sector despite its long history of plant level energy 
analysis which is, however, confidential (Phylipsen et al., 2002a; Ren et al., 2006; IEA, 
2007a). Therefore publicly available studies often exclude the sector or limit its 
analysis to a few large volume products (e.g., Phylipsen et al., 2002a; Neelis et al., 
2007b).  
 

The main objective of the first section of this thesis is to answer the following 
research question: What is the current industrial energy use (based on energy use data and 
production volumes available at sector and plant level) and what are the short-term energy efficiency 
improvement potentials in industry in OECD and non-OECD countries based on best practice 
technologies? In Chapters 2 and 3, we answer this research question by: 

(i) analyzing the industrial energy use of 17 sectors by making use of plant 
level SEC data from benchmarking surveys and energy indicators based 
on literature data and international energy statistics, 

(ii) covering 66 products of the chemical and petrochemical sector in fifteen 
countries and the world as a whole to analyze the sector’s energy use with 
two approaches. 

 
The research in Chapters 2 and 3 was partly performed to support the 

industrial energy efficiency activities of the United Nations Industrial Development 
Organization (UNIDO). In addition, we contributed to the energy indicators work of 
the IEA, in particular related to the chemical and petrochemical sector within a 
network of industry partners and energy statisticians. 
 
1.3 Monitoring historical industrial energy efficiency and developing 

scenarios 
Monitoring past industrial energy use based on energy indicators yields essential 
information on historic energy use. This type of analysis is useful for policy makers for 
the following two reasons: 

(i) to identify the drivers of industrial energy use (e.g., changes in product 
mix) and to evaluate the effectiveness of past energy policies, 

(ii) to formulate energy efficiency improvement targets and develop 
projections. 

 
National agencies (e.g., French Environment and Energy Management 

Agency (ADEME)) as well as intergovernmental organizations (e.g., IEA, UNIDO) 
manage large energy indicator databases and continuously update analyses of industrial 
energy efficiency. IEA uses energy indicators to obtain deeper insight into the 
relationship between energy use, energy prices and economic activity in order to 
evaluate past policies (IEA, 2012a). These and other activities related to industrial 
energy efficiency (e.g., ODYSSEE-MURE, 2009) provide important input to policy 
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making. However, these analyses often make use of economic activity indicators, 
which limits drawing robust conclusions on the technical production efficiency. 
Additionally, the reliability of analyses based on economic activity indicators is 
comparably low for developing countries (e.g., Worrell et al., 1997; Schenk and Moll, 
2007). 
 

So far, only few studies monitored industrial energy use based on physical 
activity indicators (e.g., Energy Policy, 1997). Other examples are the studies by Farla 
and Blok (2000), Ramírez et al. (2006a) and Neelis et al. (2007b) which focused on the 
Dutch industry covering the period from 1980 until 2003. Similarly, Salta et al. (2009) 
analyzed the industry sectors in Greece for the period between 1985 and 2002 and 
Persson et al. (2007) analyzed the CO2 emissions of the iron and steel and the pulp and 
paper sectors of 12 countries between 1980 and 1998. Furthermore, some government 
bodies collect physical data from companies to develop energy indicators for in-house 
evaluation of energy policies (e.g., Agentschap NL collects data from companies 
which participate in the Energy Efficiency Plan (EEP) of the Netherlands). Ramírez et 
al. (2006a) and Neelis et al. (2007b) compared their findings with the data collected by 
the Dutch government and provided independent cross-checks on the quality of the 
official data. However, such independent cross-checks are scarce and need to be 
extended to cover more sectors. 

 
Although a large number of studies monitored historic developments of 

industrial energy use (either based on economic or physical activity data), the findings 
were only rarely used for energy use projections (e.g., Schenk and Moll, 2007; de la 
Rue du Can and Price, 2008). Such projections could be combined with insights from 
bottom-up analyses for energy efficiency technologies in the short (i.e., BPTs) and 
long term (i.e., new and emerging technologies). Such comparisons can show whether 
historic rates of energy efficiency improvements can be accelerated and to which 
extent energy efficiency technologies can contribute to achieving the goals of climate 
policies. Since we lack a detailed understanding of these relationships for the industry 
sector, we formulate the second research question as follows: Which rates of annual 
energy efficiency improvements did the industry sectors achieve in the past and to which extent can 
energy efficiency technologies accelerate the rates of improvement in future? In Chapters 4 and 5, we 
address this research question by: 

(i) monitoring the German chemical industry’s energy efficiency 
improvements by covering the production processes of 139 chemicals 
between 1995 and 2008 and discussing data quality improvements, 

(ii) monitoring the energy efficiency improvements of six energy-intensive 
industry sectors of the Netherlands for the period between 1993 and 
2008 and making use of these findings to project industry’s long term 
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energy use and to compare them to the potentials of energy efficiency 
technologies. 

 
1.4 Potentials of measures other than energy efficiency technologies to 

reduce industrial CO2 emissions 
Reducing CO2 emissions by industrial energy efficiency improvements can be 
achieved by means of a wide range of technologies, that have been, to some extent, 
commercially available for decades (IEA, 2008b;2009c; Worrell et al., 2009). In 
comparison, other measures to reduce industrial CO2 emissions such as renewable 
energy sources have been studied to a much lesser extent. This is problematic because 
the contribution of energy efficiency technologies to realize the goals of climate 
policies may be limited (e.g., IEA, 2012b). Here, we address this knowledge gap by 
analyzing the potential contribution of bio-based fuels and feedstocks as well as CCS 
to the reduction of industrial CO2 emissions. 
 

Although industry consumes 30% of the economy-wide final energy 
consumption, there are currently no specific policies which enforce the use of 
renewable energy. In contrast, numerous countries have introduced regulatory and 
fiscal instruments for the increased use of renewable energy in the transportation and 
power sector (EU, 2009; EPA, 2005). These policies already directly or indirectly 
impact the resource and energy-base of selected industries. Hence, suitable policies 
could help industry’s ability to harness part of the potential for increased industrial use 
of renewable energy. About 70% of the total fossil fuel use (70 EJ, excluding 
electricity use; see Figure 1-2) is related to the supply of process heat as direct heat and 
steam (IEA, 2010a). Low and medium temperature steam use accounts for more than 
half of this demand (Euroheat and Power, 2006; IEA, 2010a) which could potentially 
be supplied by a mix of solar thermal, heat pump and geothermal technologies (e.g., 
Seyboth et al., 2008; Taibi et al., 2012) as well as the combustion of biomass in steam 
boilers and combined heat and power plants (CHP) (e.g., IEA, 2007b;2009d). Much of 
the remainder of industrial fossil fuel demand (20%; 21 EJ) is used as feedstock to 
produce synthetic organic materials (e.g., polymers, fibers, solvents) (IEA, 2010a), 
with most demand being for feedstock energy to manufacture polymers (Gielen et al., 
2008). The demand for fossil fuels as feedstock for polymers production can be 
reduced by dematerialisation (Worrell, 1994; Patel, 1999; Hekkert, 2000; Shen, 2011) 
and the increased use of renewable feedstocks (Ren, 2009; Hermann, 2010; Shen, 
2011). Shen et al. (2011) show that the combination of dematerialisation and renewable 
feedstocks offers maximum emission reduction. 
 

While biomass use has been partly deployed in the industry sector, CCS has 
so far neither been applied commercially in the power sector nor in industry. CCS 
technology consists of (i) capture of the CO2 emissions from the gas streams of the 
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emission sources, (ii) transportation of the captured emissions to the storage site, and 
(iii) injection of the emissions to the underground geological storage (IPCC, 2005). 
The application of CCS in industry is most attractive at sites where there are CO2 
streams of high purity, which is, for example, the case for ammonia production plants 
(~100%) (IPCC, 2005). A number of studies showed that CCS can technically also be 
applied to capture the CO2 emissions from other sources of the chemical and 
petrochemical sector (e.g., ethylene oxide production, steam cracking process) and the 
conversion processes in petroleum refineries (e.g., hydrogen production) as well as 
from iron and steel production (i.e., blast furnace) since the gas streams have a 
suitable CO2 concentration between 10% and 30% (IPCC, 2005; Sherif, 2010; 
UNIDO/IEA, 2011; Kuramochi, 2011). According to IEA (2012c), total industrial 
CO2 emission wordlwide which could be reduced by CCS are about half of the total 
global CO2 emission reductions attributed to the CCS technology. 
 

Most analyses on the industrial applications of CCS have focused on a few 
energy-intensive sectors since they account for bulk of the industrial CO2 emissions 
(e.g., Rootzén et al., 2010; UNIDO/IEA, 2011; Kuramochi et al., 2012). However, 
while CCS could play a role in emissions abatement, it requires additional energy to 
run the related capture processes which comes as a disadvantage, e.g., concerning 
future energy supply security and the fact that the energy requirements of CCS 
increase industrial CO2 emissions. This would also reduce magnitude of CO2 emission 
reductions achievable by improving energy efficiency. So far, studies generally do not 
address these aspects and the trade-offs between various technology options. 
 

Both the application of CCS in industry and the increased use of biomass face 
barriers including the (currently) high costs. The production costs of bio-based 
chemicals and polymers, for example, still exceed the ones of their petrochemical 
equivalents (e.g., Hermann and Patel, 2007; Ren et al., 2009). Additional barriers are 
the lack of access to biomass sources and the well established fossil fuel-based energy 
network and infrastructure of the chemical and petrochemical sector (e.g., Kircher, 
2012). In addition, while biomass can contribute to GHG emission reductions, its 
increased use will raise the pressure on the natural environment (e.g., Searchinger et 
al., 2008; Weiss et al., 2012) and will cause competition for the same resources with 
food production (e.g., land and water). Development of technologies to utilize second 
(e.g., lignocellulosics, residues, waste) and third (e.g., algae) generation biomass 
sources could possibly reduce these potential environmental impacts but it is still 
unclear how successful these technologies will be, especially in economic terms. Most 
research to date focuses on specific applications and/or case studies without 
encompassing the dual use of biomass for the industry sector as fuel and feedstock 
source. Furthermore, no attempts have been made to quantify the technical and 
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economic potentials of industrial biomass use at sector level in the OECD and non-
OECD countries. 
 

In view of these knowledge gaps, we address the third research question: 
Which industry sectors have the largest technical and economic potentials for CCS and biomass use 
and to what extent can these technologies contribute to the reduction of industrial CO2 emissions? In 
Chapters 6 and 7, we address the knowledge gaps that are related to this research 
question by: 

(i) projecting the CO2 emissions of seven Dutch industry sectors between 
2008 and 2040 under various energy efficiency scenarios and quantifying 
the extent to which energy efficiency technologies and CCS offer cost-
effective emission reduction potentials while addressing also potential 
trade-offs between the two technologies, 

(ii) conducting a technical and economic assessment of the opportunities of 
industrial biomass use for the production of process heat and chemicals 
as well as providing estimates of the industry sector’s biomass potentials 
in 2030 and 2050 for OECD and non-OECD countries at sector level. 

 
1.5 Scope and outline of the thesis 
In the first part of this thesis, in Chapter 2, we estimate the current average energy 
use of 17 industry sectors and their energy efficiency improvement potentials based 
on BPTs currently in operation worldwide. For this purpose, we use plant level data 
based on publicly available benchmark surveys to develop country level energy 
indicators. For sectors where data availability is limited, we develop EEI. Our analysis 
quantifies the global energy efficiency improvement potentials, distinguishing the 
potentials in OECD and non-OECD countries. In Chapter 3, we focus on the 
chemical and petrochemical sector as a case study and quantify its short-term energy 
efficiency improvement potentials covering the sector’s 66 key chemical products in 
fifteen countries. We develop two approaches to estimate the potentials based on a 
dataset for Europe: (i) similar to the previous chapter, we compare the current average 
energy use of each product to the energy use of BPTs, and (ii) we apply the EEI 
methodology using international energy statistics (IEA, 2008a;b). 
 

The second part of this thesis starts with Chapter 4 which monitors historical 
industrial energy efficiency in the German basic chemical industry for the period 
between 1995 and 2008 based on energy indicators. We extend the earlier work by 
Neelis et al. (2003; 2007a) to develop an advanced bottom-up model which covers the 
sector’s 139 most important products (called “PIE-Plus”). Based on such a large 
product scope, our analysis makes a step forward compared to other studies which use 
physical activity for monitoring historical industrial energy use. In Chapter 5, we 
cover a total of six sectors of Dutch industry and we monitor the energy use 
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developments between 1993 and 2008. For this purpose, we extend the original 
bottom-up model prepared by Ramirez et al. (2006a) and Neelis et al. (2007b) (called 
“FYSI 2.0”). Subsequently we make use of the historical energy efficiency 
improvements to project baseline scenarios until 2040 and to compare the achievable 
improvements with the potentials of improved BPTs and new and emerging 
technologies. In particular, we are interested in understanding whether there are 
potentials to accelerate energy efficiency improvements beyond what has been 
achieved so far. 
 

In the third part of this thesis, we use the findings of the previous chapter to 
estimate the sector level CO2 emissions in the Dutch industry until 2040 (Chapter 6). 
Based on this information, we estimate the potentials to reduce CO2 emissions by 
implementing energy efficiency production technologies and CCS and we quantify 
existing trade-offs between the two technologies. Chapter 7 focuses on the potentials 
of biomass use as fuel to generate process heat and feedstocks to produce chemicals 
and polymers. We quantify the technical and economic potentials of biomass use 
today and in 2030/2050 thereby distinguishing between OECD and non-OECD 
countries. We compare the economic potentials with sustainable biomass supply and 
discuss (i) the extent to which biomass can contribute to the reduction of industrial 
CO2 emissions and (ii) the technology and policy development needed for this 
purpose. 
 

In Chapter 8 we synthesize our findings and discuss the strengths and 
limitations of our research and derive recommendations for future research as well as 
implications for energy and climate scientists, industry, energy statisticians and policy 
makers. 
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Part 1:  
Measuring current industrial energy use and short-term 
energy efficiency improvement potentials  
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2 Benchmarking the energy use of energy-intensive 
industries in industrialized and in developing countries4 

 
Deger Saygin, Ernst Worrell, Martin K. Patel, Dolf J. Gielen 

 
Abstract 
Improved energy efficiency is among the key measures for carbon dioxide (CO2) 
emission abatement in the industry. Energy benchmark curves provide data measured 
at individual plants and they offer a basis to estimate the sectoral energy efficiency 
improvement potentials (IP) compared to a best practice technology (BPT) currently 
in operation worldwide. In this chapter, we estimate the BPT energy use of 17 
industry sectors based on such curves or energy indicators prepared at country-level. 
We compare BPT data with current energy use to estimate the IP. According to our 
analysis, BPT offers improvement potentials of 27 ± 8% worldwide. This is equivalent 
to 32.5 ± 9.6 exajoules (EJ) of final energy savings worldwide, of which three-quarters 
can be achieved in developing countries. Due to lack of benchmark curves and limited 
data availability for developing countries, our results include uncertainties. We used 
literature data at country-level and international energy statistics to fill data gaps and to 
develop energy indicators. Quality of these data should be improved and benchmark 
data needs to be collected for more sectors. By doing so, energy benchmarking could 
become a key tool to estimate energy saving potentials and energy indicators could 
serve as strong supplementary methodology. 

                                                 
4 Published as slightly adapted version in Energy 36 (2011), pp. 6661-6673 © Elsevier 2011. Reproduced 
with permission from Elsevier. 



Benchmarking the energy use of energy-intensive industries 
in industrialized and in developing countries 

18 

2.1 Introduction 
In 2007, the global manufacturing industry used approximately 127 exajoules (EJ) of 
final energy (including feedstock use for petrochemicals). This is equivalent to one 
third of the global final energy use5 (347 EJ) (IEA, 2009a). The industrialized and 
high-income countries6 (abbreviated as “IC” in this chapter) accounted for around 
40% of the industry’s final energy use worldwide (approximately 50.8 EJ). Most 
energy for industrial purposes (60% or 76.2 EJ) is used in developing countries (DCs) 
and economies in transition (EITs) (together abbreviated as “DC” in this chapter).  
 

In the period from 1971 until 2007, the final energy demand of the 
manufacturing industry in DCs more than doubled (equivalent to a growth of 3.2% 
per year) while it practically remained stagnant or increased only slightly in ICs (IEA, 
2009a;b). According to the projections of the International Energy Agency (IEA) 
global industrial energy use will increase by at least 50% until 2050 compared to the 
2006 level under the most ambitious climate policy scenario and it will double in the 
baseline scenario (IEA, 2009c). 
 

Given these projections, substantial efforts were made in order to better 
understand the energy efficiency potentials of energy-intensive industries (e.g., 
chemical and petrochemical, iron and steel, pulp and paper) (IEA, 2007;2009c). 
However, the reliability of these analyses has been limited for most countries and 
sectors because of the lack of publicly available data of individual plants. Also, the 
energy efficiency potentials of non energy-intensive industries and small-scale sectors, 
which are especially important for DCs, have hardly been assessed. Until now, 
industrial energy use and the energy efficiency potentials were primarily analyzed by 
application of energy efficiency indicators and energy benchmarking. 
 

Physical energy efficiency indicators, including the Energy Efficiency Index 
(EEI) as developed by Farla and Blok (1997) and Phylipsen et al. (1998), were applied 
to monitor the energy efficiency of various manufacturing sectors in different world 
regions. Examples are the analyses by Worrell et al. (1997) of the iron and steel sector 
in seven countries; the analyses by Phylipsen et al. (1998); Farla and Blok (2000) and 
Neelis et al. (2007) on various industrial sectors in the Netherlands and the work by 
Saygin and Patel (2009) and by Roes et al. (2010) on the chemical and petrochemical 
sectors of Germany and the Netherlands respectively. In the Netherlands and Belgium 
physical and energy efficiency indicators are also used to monitor the improvements 
achieved as a result of industrial energy efficiency policies, i.e., the Long Term 

                                                 
5 Final energy use are the deliveries of energy commodities (e.g., fuels, electricity, steam) to consumers for 
direct use in their operations, e.g., to support process heat in a chemical plant. 
6 These countries are members of the Organization for Economic Cooperation and Development 
(OECD). 
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Agreements (LTA) (Rietbergen et al., 2002; Bressers et al., 2005; SenterNovem, 2010; 
and the Benchmarking Covenant7 (see also Couder and Verbruggen (2005); Price et al. 
(2005)). 
 

Energy benchmarking is part of a much wider use of benchmarking as a 
management tool. It is used to compare the performance of individual plants with the 
most energy efficient plant(s) on a process-by-process basis. If for a sector and its 
products, benchmark studies cover a representative share of (global) production, 
benchmarking can serve as useful analytical tool since it provides valuable information 
on distribution of energy use across the production capacity of a sector. In benchmark 
studies, energy and production data is measured by consistent and comparable data 
collection methods (and based on agreed benchmarking definitions and parameters); 
therefore, the quality and consistency of benchmark data is generally high. As a 
subsequent step, such information could be used to estimate the sectoral energy 
efficiency potentials on a country-level and worldwide. A milestone for benchmarking 
industrial energy use was the fuels study of Solomon Associates in 1980 where the 
performance of US petroleum refineries was measured (Proops, 2010). Regional 
coverage and the number of analyzed sectors (e.g., chemicals) were broadened as well 
as the number and type of organizations carrying out benchmark studies. We provide 
in Table 2-1 an overview of sectors and regions which are active in data collection to 
prepare benchmark studies for business decision making and to improve industrial 
energy efficiency. While for most sectors independent consultants are in charge of 
these studies (e.g., chemicals, refineries), for others, data collection is initiated by the 
industry associations (e.g., Cement Sustainability Initiative (CSI), International 
Aluminium Institute (IAI)). Consultants compile plant performance data which are 
presented in confidential multi-client studies. Results are disclosed in publicly available 
literature, either at a high level of aggregation or sometimes in more detail once the 
benchmark study is slightly outdated and newer data is collected. On the other hand, 
industry partnerships tend to publicize energy and production data to an increasing 
extent, however, without individual plant data. Some publicly funded studies, for 
example, the benchmark studies for numerous industries (e.g., ammonia, food and 
beverage, pulp and paper, textiles, cement) prepared for the Office of Energy 
Efficiency (OEE) in Canada (OEE, 2010) or the Best Available Technology 
Reference Documents prepared by the European Integrated Pollution Prevention and 
Control Bureau (EIPPCB) (EC, 2010) provide important insight, including benchmark 
data for the regions they cover. There are other several national programs in the 

                                                 
7 In 1999, the Dutch government and the industry associations (e.g., chemical industry-VNCI, iron and 
steel industry-NIJSI) entered into an agreement that cover all establishments (those companies with 
energy use exceeding 0.5 PJ per year) (VBE 1999; SenterNovem, 2008). Similarly, by 2003, in Flanders 
(the Flemish Community in Belgium) a similar agreement was also established including the member 
companies of five industry sector organizations (VCE, 2002). 
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United Kingdom (Climate Change Agreements), Japan (Keidanren Voluntary Action 
Plan) and United States (EPA Energy Star for Industry) for best practice assessment. 
 
 
Table 2-1: Overview of selected energy benchmark studies at sectoral and national level: the 

current data situation 

Sector Organization Regions 
aimed at 

Availability of results 
Publicly 

available1 Most recent 

Petroleum refineries Solomon Associates Global 1999 2009 
Chemical and petrochemical 

  Steam crackers, 
  butadiene, aromatics Solomon Associates Global 

2005 
(only steam 

cracking) 
2009 

  Ammonia prod. Plant Survey International 
(PSI) Global 2007 2009 

  Organic and 
  inorganic chemicals 

Process Design Centre 
(PDC) Unknown Confidential 

  Polymers Phillip Townsend 
Associates (PTA) Unknown Confidential 

Non-ferrous metals 
  Alumina production  Global 2008 2008 
  Primary aluminium 
  smelters IAI Global 2008 2008 

  Zinc, copper Brook Hunt Global 2006 Confidential 

Iron and steel World Steel Association 
(WSA) Global Under development 

Pulp and paper Pöyry Global Confidential 
Non-metallic minerals 
  Cement industry CSI Global 2008 2008 

  Glass production 
Netherlands Organisation 
for Applied Scientific 
Research (TNO) 

Global 1999 Confidential 

Food and beverages 
  Food and allied 
  products PDC Unknown Confidential 

  Breweries KWA Bedrijfsadviseurs Global 2004 2007 
All industries 
  Top-1000 Energy- 
  consuming  
  enterprises program2 National governments 

 

China 2008 2008 

  714 industrial units3 India Data collection from individual 
plants until October 2010 

  Selected industries4 Canada Continuously updated 

  Selected industries 
Multi-government (by 
International Finance 
Corporation) 

Russia Under development 

  Selected industries5 Multi-government EU-27 Continuously updated 
  SMEs (BESS) Multi-government EU-27 Confidential 
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Note: For national level studies we only provide a selection.  
1 The results of the benchmark studies could have been publicized either by the organization itself or only 
partly or entirely by others (e.g., reports, literature). 
2 Industry sectors covered: iron and steel, chemical, petroleum and petrochemical, construction materials, 
non-ferrous metals, paper and textiles (Price et al., 2010). 
3 Sectors covered: cement, fertilizer, aluminium, iron and steel, chlor-alkali, pulp and paper, textile, 
thermal power plants and railways (Kumar, 2010). 
4 In total, seventeen manufacturing industry sectors are covered (OEE, 2010). 
5 In total, twenty manufacturing industry sectors are covered (EC, 2010). These studies provide ranges for 
the SEC of various industrial processes, and only in some cases the results of benchmark studies are 
presented (e.g., polymers, glass, cement). 
 

Today, benchmarking is also used as a policy tool as basis for governmental 
policy making. One of the concrete cases where climate policy is established based on 
benchmark agreements is the Benchmarking Covenants administrated by the Dutch 
and Belgian governments. The aim of both agreements is to increase energy efficiency 
of individual plants to the level of the top-of-the-world which has been defined as the top 
10% of all plants or top 3 most-efficient region (with similar capacity). Similarly in the 
third period (2013 and onwards) of the European Union Emission Trading Scheme 
(EU-ETS), for each sector that is subject to significant carbon leakage8, draft values of 
emission benchmarks were proposed and in April 2011 the European Commission 
agreed on these proposals and adopted rules on how to allocate free allowances for 
the industry sectors (EC, 2011a).  
 

In the context of this chapter, we apply benchmarking as an analytical tool to 
estimate the regional and global energy efficiency improvement potentials by 
providing a compilation of benchmark curves based on publicly available data for 
selected industries, processes and products (all is referred to as ‘sector’ hereafter). In 
the next section, we explain the methodologies applied to estimate the BPT and the 
IP, and we give detailed insight on the background data sources. In Section 2.3, we 
present the results and in Section 2.4 we discuss these in view of the methodological 
limitations and uncertainties in the data. We end with conclusions and 
recommendations (for policy makers, companies and industry associations, and 
national statistics offices) in Section 2.5. More detailed background data and sector 
results similar to those presented in this study have been partly published in a working 
document by United Nations Industrial Development Organization (UNIDO) (Saygin 
et al., 2010).  
 

                                                 
8 According to EU-ETS directive (EC, 2011b), the criteria to estimate whether a sector or sub-sector is at 
a significant carbon leakage risk are: there is a cost increase exceeding 5% of its gross value added and the 
trade intensity exceeds 10%, or one of the two criteria exceeds 30% (see also the sectoral results of the 
quantitative assessment of costs versus gross value added in (EC, 2011b)). 
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2.2 Methodology 
Benchmark studies summarize the information collected in energy benchmark curves 
which typically display the energy efficiency of industrial plants as a function of the 
total production volume or number of plants (see Figure 2-1). The energy efficiency 
of plants is thereby plotted as cumulative frequency curves in descending order of 
efficiency, starting with the most-efficient plant and ending with the least efficient 
one. The shape of the benchmark curve is determined by the distribution of the 
specific energy consumption (SEC) and the associated production volumes of the 
surveyed plants.  
 

For each sector, we estimate the SEC of the BPT which we will also refer to 
as the international benchmark9. By definition, BPT is a proven technology operated at 
least in one plant around the world. Given the importance of BPT for short-term 
energy efficiency improvements, its accurate measurement is critical to estimate 
sectoral energy efficiency improvement potentials (IP). We define BPT as the 1st decile 
plant in the benchmark curve. One decile represents 10% of the total production 
volume covered in benchmark curve. Wherever possible, the physical production is 
used as reference to estimate the deciles. If the benchmark curve is based on plant 
number, we divert from this approach and define the decile based on the number of 
plants10.  
 

                                                 
9 Since benchmarking curves display the current energy use of the industry (i.e., the energy use of the 
existing technologies), it is not possible to retrieve information regarding new or emerging technologies 
which are not yet commercially available. For this reason, international benchmark refers to the energy 
use of an existing technology operated at the most-efficient plant worldwide, i.e., BPT. Besides BPT, Best 
Available Technology (BAT) is another common reference for energy efficient technologies. However, 
since the technical and economic viability of BATs are not certain, we estimate the energy savings based 
on BPTs. The BAT definition used in this chapter may not be consistent with the BAT definition stated 
in the European Union Directive 96/61/EC which concerns the Integrated Pollution Prevention and 
Control (IPPC) (EC, 2008). As shown in Figure 2-1, BAT refers to the SEC of the most-efficient plant in 
the benchmark curve (i.e., more efficient than BPT). 
10 Our methodology differs from the EU-ETS directive of sectoral CO2 emission benchmarking in two 
ways (EC, 2011a). First, according to this Directive, the first decile is defined as the average energy 
efficiency of the 10% most-efficient installations in a sector or sub-sector. Second, the number of 
installations is the only basis for the determination of the 10% most-efficient plant without considering 
the physical production of these plants. 
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Figure 2-1: Illustrative energy benchmark curve for the manufacturing industry. Information on 

x and y-axis has been indexed for reasons of simplicity. Energy use index of BPT is 
normalized to 1 for the 1st decile production share 

 
In general, availability of plant data from DCs is limited. We therefore filled 

in data gaps of the benchmark curves through a literature survey. Since literature data 
is scattered and often problematic, we also applied two types of indicators: 

(i) Average current SEC: It is the preferred type of indicator if adequate data 
is available11. It provides information at the country or regional level. 

(ii) EEI: It is established based on the relationship of the sector’s actual total 
final energy use (TFEU) according to the international energy statistics 
(IEA, 2009a;b) and its total best practice energy use (TBPEU) if all its 
processes were to operate at the level of the international benchmark (see 
Equation 2-1). It can only be applied if BPT values and production 
statistics of the sector’s processes are available. Numerous production 
processes of the sector are aggregated. Information is provided at sector 
level only. This enables country-level comparisons of energy efficiency 
for sectors, which differ in structure and number of products. 

 

                                                 
11 If SEC availability is limited to a few regions only, we use published information on the relations of 
energy efficiency across different regions to approximate the SEC of the process of interest in unknown 
regions. See Saygin et al. (2010) for details concerning each sector. 
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We calculate the EEI of sector x in country or region j as (Neelis et al., 2007; 
Phylipsen et al., 2002): 
 

jx,TBPEU

jx,TFEU
jx,EEI =       Equation [2-1] 

 
where TFEUx,j is the current total final energy use of sector x in region j as reported in 
international energy statistics (IEA, 2009a;b) (in petajoules (PJ) per year), and 
TBPEUx,j is the total final best practice energy use of sector x in country or region j (in 
PJ/yr). 
 

TBPEU of sector x of country or region j for z number of processes is 
determined as follows: 
 

( )∑
=

×=
z

1i xi,BPTji,Pjx,TBPEU      Equation [2-2] 

 
where, Pi,j is the production volume of process i in country or region j (in megatonnes 
(Mt) per year), and BPTi,x is the SEC of BPT for process i of sector x (in gigajoule 
(GJ) per tonne of output). According to this methodology, EEI is 1 when the BPT 
has been adopted for all processes of the sector in country or region j. 
 

Data availability for non energy-intensive industries and small-scale sectors of 
the economy (e.g., textile industry, food and beverages industry) is limited. For these 
sectors we could neither apply energy benchmarking nor indicator approaches. 
However, given the importance of these sectors in DCs we collected the average 
current SEC for as many countries and regions as possible from literature (Saygin et al. 
(2010) provides a detailed list). The lowest SEC value found in literature determines 
the international benchmark (i.e., BPT). 
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In total, we analyzed the energy use of 17 sectors12. For each sector a number 
of methodologies were used which are classified as: 

o “B” which stands for data from benchmark curves: it is applied as the 
principal methodology for 10 sectors, 

o “I” which stands for indicators: (i) average current SEC, or (ii) EEI: 
it is applied as the principal methodology for 4 sectors (i.e., 
petroleum refineries, pulp and paper, iron and steel, zinc smelters). It 
is also applied as a complementary methodology for 7 of the 10 
sectors which are based on methodology “B”, 

o “L” which stands for comparison of limited number of available SEC 
data13: it is applied for 4 sectors as the principal methodology. 

 
For methodologies “B”, “I” (average current SEC) and “L”, IP (in %) of 

sector x in country or region j is estimated according to Equation 2-3: 
 

( )
jx,average,SEC

xlowest,SECorxBPTbenchmarknalInternatio
1jx,IP −=   Equation [2-3]  

 
where BPTx is the SEC of BPT in sector x (in GJ/t), SEClowest,x is the lowest SEC of 
sector x (in GJ/t), SECaverage,x,j is the current average SEC of sector x in country or 
region j (in GJ/t). If methodology “I” (EEI) is applied, then the IP is estimated as 
follows: 
 

jx,EEI
xlowest,EEI

1jx,IP −=       Equation [2-4] 

 
where EEIlowest,x is the region with lowest EEI estimated for sector x. 
 

Table 2-2 provides an overview of the data sources and the methodologies 
applied to estimate the IP. The sectors included cover approximately 59% of the 
manufacturing industry’s final energy use (~74.3 EJ/yr). We also include petroleum 
refineries (~12.4 EJ/yr) which are normally excluded from the international energy 

                                                 
12 In comparison to Saygin et al. (2010) where the energy uses of 26 sectors were analyzed, in this chapter 
we use data of 17 sectors to estimate the industrial energy saving potentials. 7 sectors which are excluded 
are: tiles and sanitaryware production process, weaving process, and casting process of two ferrous (i.e., 
iron, steel) and two non-ferrous metals (i.e., aluminium and copper). In this chapter, three processes of 
the food and beverage sector, namely brewing process and cheese and fluid milk production processes 
among other processes of the sector are counted as one under the food and beverage sector. 
13 Compared to current average SEC data used in methodology “I”, data used in methodology “L” is 
generally uncertain with regard to the year, technology and location they refer to. 
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statistics and production statistics of the manufacturing industry, but reported under 
the energy transformation sector. Due to lack of data availability (e.g., no separate 
SEC data for ICs and DCs), most light industries and some processes of the energy-
intensive sectors are excluded from the analysis (e.g., the entire chemical industry is 
represented by only three processes) (~52.8 EJ/yr)14. As a subsequent step, we 
multiply the estimated IP per sector by the TFEU of that sector as reported in 
international energy statistics (IEA, 2009a;b) to estimate the absolute energy saving 
potentials (in EJ per year)15. We do this for the activity level of 2007. 
 
Table 2-2: Overview of data sources (production data and SEC) and the methodologies applied 

to estimate the energy efficiency improvement potentials of the selected sectors 

 
Data sources 

Methodology applied  Methodology 
components Production 

data (P) 
SEC (average, lowest, 
BPT) 

Petroleum 
refineries 

OGJ 
(2003)1 

Worrell et al. (2004); 
Worrell and Galitsky 
(2005); Neelis et al. 
(2005) 

EEI I P, BPT, 
TFEU 

Chemical and petrochemical 
  High value 
  chemicals (HVC) 
  (steam crackers) 

OGJ 
(2008)1 

Leuckx (2008); Saygin 
et al. (2010;2011) Regional SEC B & I SECaverage, 

BPT 

  Ammonia USGS 
(2009a) 

IFA (2009a;b); Saygin 
et al. (2010;2011) 

Regional SEC 
& Literature 

data 
B & I SECaverage, 

BPT 

  Methanol MI (2009)1 Saygin et al. (2010) Regional SEC B & I SECaverage, 
BPT 

Non-ferrous metals 

  Alumina 
  production 

IAI (2009a); 
USGS 
(2009b) 

IAI (2009a); Saygin et 
al. (2010) Regional SEC B & I SECaverage, 

BPT 

                                                 
14 These sectors are: machinery, transport sector, mining and quarrying, wood and wood products, 
construction and non-specified sectors. The last term is subject to large uncertainties in international 
energy statistics, particularly for DCs since a share of the actual energy use of some sectors which we 
study as well as the consumption of some specific energy carriers are misreported under this item. Its 
share is less than 10% for ICs while in DCs it accounts for as much as 25% of the total final industrial 
energy use. 
15 Since for most sectors there are no international energy statistics available (products are aggregated to 
large sectors, e.g., alumina and primary aluminium together with other non-ferrous metals under non-
ferrous metal industry), we estimate a total global energy use by multiplying the average current global 
SEC as shown in Table 2-3 and the total global production volume. 
Based on products covered in Table 2-3, we cover only a certain share of total final energy use of the 
chemical and petrochemical and non-ferrous metals sectors. We assign the remainder energy use to the 
production of other products of these sectors. In the case of non-metallic minerals sector, we first 
estimate the energy use of the cement industry based on clinker production and cement grinding and 
according to the international energy statistics we assign the remainder energy use to the production of 
lime, glass and ceramics. 
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Data sources 

Methodology applied  Methodology 
components Production 

data (P) 
SEC (average, lowest, 
BPT) 

  Aluminium 
  smelters 

IAI 
(2009b); 
USGS 
(2009c) 

IAI (2009b); Saygin et 
al. (2010) Regional SEC B & I SECaverage, 

BPT 

  Copper 
  smelters Partinen (2008) - B SECaverage, 

BPT 

  Zinc smelters Kouw and Hornung (2009) Regional SEC I SECaverage, 
SEClowest 

Iron and steel WSA (2009) Worrell et al. (2007) EEI I P, BPT, 
TFEU 

Non-metallic minerals 

  Cement USGS 
(2009c) CSI (2009a) Regional SEC B & I SECaverage, 

BPT 

  Lime Saygin et al. (2010) Limited SEC 
comparison L SECaverage, 

SEClowest 

  Glass Saygin et al. (2010) Literature 
data B & I SECaverage, 

BPT 

  Ceramic Saygin et al. (2010) Limited SEC 
comparison L SECaverage, 

SEClowest 

Pulp and paper FAOSTAT 
(2009a) IEA (2009c) 

EEI SEC & 
Literature 

data  
I P, BPT, 

TFEU 

Textile 

  Spinning Saygin et al. (2010) Limited SEC 
comparison L SECaverage, 

SEClowest 

Food and beverage FAOSTAT 
(2009b) 

NRCAN (2001;2005);  
IPTS/EC (2006); Xu 
et al. (2009); Xu and 
Flapper (2009); 
Saygin et al. (2010) 

- L SECaverage, 
SEClowest 

  Breweries FAOSTAT 
(2009b) 

KWA (2004); Sharpe 
et al. (2009) - B SECaverage, 

BPT 
1 Production data was estimated by applying a capacity utilization factor of 90 ± 10% over the capacity 
data reported. 
 

Taking into account the uncertainties of the related components in each 
methodology, we quantify the uncertainties in the IP by applying the standard error 
propagation rules (see Appendix 2.A). As a subsequent step, we apply the percentile 
uncertainty intervals which we determine for IP of each sector to the total energy 
savings.  
 

The system boundaries of the SEC data refer to the direct consumption of 
energy commodities at the production plant and they exclude the energy required for 
mining and the manufacturing of raw materials or the energy used for energy 
production that is consumed at the plant (e.g., primary energy used in power plant for 
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electricity production or the energy used in extraction activities for producing 
naphtha, natural gas, etc). The SEC data is given as the sum of final energy including 
fuel, steam and electricity use and for the chemical industry feedstock use as well. We 
differentiate between energy commodities if a production process is based on a 
specific energy type.  
 
2.3 Results 
2.3.1 International benchmark values 
In Table 2-3, we provide three sets of information: 

(i) Ranges for average energy use: We provide a range for regional energy 
use in ICs, DCs and worldwide. Data is based on either methodology “I” 
or “L”. Methodology “B” provides plant level information and hence 
does not provide regional information. 

(ii) Energy benchmark data16: According to Figure 2-1, we provide 
information for the following plants: 
• Most energy efficient plant (or BAT), 
• International benchmark (or BPT), 
• Last decile plant, 
• Least energy=efficient plant. 

(iii) Production coverage of the data: If data is available, we provide the 
coverage of the production data compared to the publicly available 
production statistics. 

                                                 
16 In cases where data availability made it possible to apply methodologies “B” and “I” simultaneously, 
we gave priority to “B” when we estimated the energy benchmark data. We do this because benchmark 
curves provide information for individual plants and therefore they are more reliable. As a subsequent 
step, we use datasets provided by “I” as supplementary to determine the energy use at regional level. 
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Table 2-3: Overview of ranges for average energy use and energy benchmark data. Additional explanations for each sector are given in footnotes 

Sectors 
(products and processes) 
(in brackets: 
the year data refers to) 

Meth. 
app. 

(B/I/L) 
Units 

Ranges for average energy use in Energy benchmark data 
Prod. 
cov. 
(%) 

Selected 
ICs 

Selected 
DCs (incl. 

EIT) 

World 
wide BAT 

Intl. 
Benchmark 

(or BPT) 

Last 
decile 
plant 

Least 
energy 

efficient 
plant 

Petroleum refineries (2007)1 I EEI 0.86-1.05 1.24-4.60 1.32 1 - - - 89 
Chemical and petrochemical 
  HVC2 (2005) B & I GJ/t HVC 12.6-18.3 17.1-18.3 16.9 10.6 12.5 22.6 33.6 76 
  Ammonia3 (2007) B & I GJ/t NH3 33.2-36.2 35.9-46.5 41 23.5 31.5  43 58 100 
  Methanol4 (2006) B & I GJ/t MeOH 33.7-35.8 33.6-40.2 35.1 28.8 30 38.5 58 67 
Non-ferrous metals 
  Alumina  
  production5 (2007) B & I GJ/t alumina 10.9-15.5 10.5-24.5 16 7.4 7.8 14.2 18.4 100 

  Aluminium  
  smelting6 (2007) B & I 

MWh/t 
primary 
aluminium 

14.8-15.8 14.6-15 15.5 13.4 14.2 17.1 20.8 92 

  Copper7 (N/A) B GJ/t copper - - 13.8 6.3 7.4 22.1 50.9 52 
  Zinc8 (2006) I GJ/t zinc 15.2-19.7 16.7-37.2 23.6 - 15.2 - 37.2 77 
Iron and steel (2005)9 I EEI 1.16-1.36 1.41-2.23 1.45 1 1.16 - 2.2 97 
Non-metallic minerals 
  Clinker10 (2007) B & I GJ/t clinker 3.3-4.2 3.1-6.2 3.9 2.9 3 4.4 6.6 100 

  Cement10 (2007) B & I kWh/t 
cement 109-134 92-121 112 56 88 133 144 100 

  Lime11 (N/A) L GJ/t lime 3.6-13 5-13 - - 3.2 - - - 

  Glass12 (~2000s) B & I GJ/t melt 4-10 6.8-7.8 6.5 3.4 3.6 5.7 8.7 - 

  Brick making13 (~2000s) L GJ/t fired 
brick 1.5-3 0.75-11 - - VSBK: 0.75 

Tunnel: 1.5 - - - 

Pulp and paper (2007)14 I EEI (heat & 
electricity) 0.89-1.64 0.93-2.29 1.25 1 - - - 96 
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Textiles (~2000s) 

  Spinning15 L kWh/kg yarn 
Ring yarn: 

3.5-3.6 
OE: 2.57 

Ring yarn: 
3.5-3.6 
Other:  
0.5-7.5 

- - 
Ring yarn: 

3.40 
OE: 2.44 

- - - 

1 ICs: OECD countries, DCs: Economies in Transition (EIT) and China. 
2 ICs: Japan, Korea and North America (NA). DCs: China, India, Brazil and Saudi Arabia. Data excludes feedstock use. 
3 ICs: Europe and NA, DCs: Middle East and North Africa (MENA) and China. Data includes feedstock use. 
4 ICs: Europe and NA, DCs: Latin America (LA) and India. Data includes feedstock use. 
5 ICs: Europe (incl. Central Europe and EIT) and NA, DCs: LA and China. 
6 ICs: Oceania and Europe (incl. Central Europe and EIT), DCs: Africa and Asia. 
7 Data refers to smelters.  
8 ICs: Europe and Japan, DCs: LA and China. Data refers to slab zinc production in zinc smelters. 
9 ICs: OECD Pacific and OECD NA, DCs: China and EIT.  
10 ICs: OECD Pacific and OECD NA, DCs: India and EIT. All SEC data originates from Getting Numbers Right (GNR) database (CSI, 2009a). GNR database 
covers on average 31% of total global cement production. While for some regions the coverage is as high as 80 to 90%, e.g., OECD NA, Central America and 
Europe, for other regions it is as low as 20% for EIT and only 4% for China. We approximated the data assuming that it represents the energy use of all plants in 
a given region. However, we made an exception for China since it accounts for approximately half of the global cement production and GNR database refers only 
to a limited fraction of this value. For the remainder of China clinker and cement production (96%), we estimate the current average SEC as the total average of all 
plants: 4.1 GJ of thermal energy per tonne of clinker (IEA, 2009c) and 115 kilowatthour (kWh) grinding electricity use per tonne of cement (IEA, 2007). Waste 
heat recovery is a standard process applied in kilns in many countries. Typically it is used for drying raw materials; however, steam production (if potential buyers 
exist) or power generation is also possible. Net electricity production (after accounting for turbine and boiler operations) is rewarded. If higher specific electricity 
production than 0.08 GJ per tonne of clinker is desired, modifications in kiln operation are necessary which would then lead to higher fuel demand (CSI, 2009b). 
These are accounted for under fuel use of clinker production as reported in GNR database. As opposed to heat use in kilns which is expressed per tonne of 
clinker, specific electricity consumption is reported separately and expressed per tonne of cement. A significant share of the electricity consumption is for grinding. 
11 ICs: Europe and Canada, DCs: China and Thailand.  
12 This is the aggregate of flat and container glass production. SEC data refers to per tonne of melt glass (at furnace). It is corrected for 50% cullet. 
13 ICs: Europe (modern industrial brick kilns), DCs: Asian countries (small-medium size and very small kilns). 
Low-end of the average energy use in DCs refers to Vertical Shaft Brick Kiln (VSBK) technology. Despite a low SEC value, the technology has limitations in 
firing bricks which are >15-20% hollow since at higher hollow rates breakage is observed and the quality of bricks is lower than bricks fired in tunnel kilns. 
14 ICs: OECD Pacific and OECD NA; DCs: Developing Asia and EIT. 
15 ICs: Italy, USA and South Korea; DCs: China, India, Thailand and Indonesia. 
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2.3.2 Potential energy savings 
By using the information in Table 2-3, we estimate the total energy saving potential at 
17.3 ± 4.6 EJ/yr for the sectors analyzed (74.3 EJ/yr17 without refineries; see Table 
2-4). Around 30% of the total energy saving potential is located in ICs (5.3 ± 1.9 
EJ/yr), and 70% in DCs (12.0 ± 2.7 EJ/yr). Upgrading all processes to the 
international benchmark would save around 27 ± 7% of the current final industrial 
energy use worldwide (excl. feedstock use)18. In some energy-intensive sectors IP is 
around 5-20% only (e.g., chemicals or aluminium). In small-scale sectors (e.g., 
ceramics and food and beverage sectors) IP is higher than the total industry average, 
i.e., approximately 40%. While the IP in ICs amounts to approximately 18%, the IP in 
DCs is more than 30% and in some sectors even up to 40-50%. For some processes, 
such as aluminium smelting, pulp and paper and cement production, DCs appear to 
be more energy efficient than ICs. This may be explained by regional circumstances, 
such as large availability of alternative fuels and blending materials in cement 
production or due to adoption of latest technology in recent capacity expansions. 
Achievable savings in petroleum refineries amount to 1.0 ± 0.4 EJ/yr in ICs and to 
3.0 ± 1.4 EJ/yr in DCs. This adds another 3.9 ± 1.7 EJ/yr of energy saving potential, 
resulting in a total of approximately 21.2 ± 6.3 EJ/yr. This is equivalent to 6% of the 
economy-wide global final energy use.  
 

If the sectors which were excluded from the analysis are assumed to present 
similar IP, we estimate an additional saving potential of approximately 11.3 ± 3.3 
EJ/yr (or total energy saving potentials of 32.5 ± 9.6 EJ/yr). 2.6 ± 0.3 EJ/yr of this 
additional potential exists in the excluded processes of the chemical and petrochemical 
sector. This adds up to a potential of 4.9 ± 0.6 EJ/yr for the sector (also confirmed by 
the results of a similar analysis by Saygin et al. (2011) (see Chapter 3)). The remainder 
(8.7 ± 3 EJ/yr) is the energy saving potential in non energy-intensive industries and 
small-scale sectors. IP for process heat demand and electricity use is 27 ± 8% for the 
world as a whole19 (19 ± 6% for ICs and around 33 ± 9% for DCs) (excluding 
feedstock use which we do not estimate any savings for). 
 
 
 

                                                 
17 Feedstock consumption includes the petroleum feedstocks consumed in the production of HVC in 
steam crackers (according to HVC definition of Solomon Associates; Saygin et al. (2011)), ammonia and 
methanol. 
18 Uncertainty intervals of IP are expressed as percentage points unless it is stated otherwise, e.g., 27 ± 
7% refer to an average 26% worldwide IP with a range of 20 to 34%. 
19 For those sectors for which it is possible to identify the BAT value (i.e., steam cracking process, 
production of ammonia, methanol, alumina, primary aluminium, copper, clinker, cement, and the iron 
and steel sector), we re-estimate the improvement potentials if BATs were to be applied. As a result, the 
energy savings of these sectors increase from 11.4 EJ to a total of 16.5 EJ, i.e., IP of 36% by BAT as 
opposed to IP of 25% by BPT (excl. feedstock). This is an increase of at least 10 percentage points. 
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Worldwide, the largest energy saving potential is in the energy-intensive 

sectors (from highest to lowest potential): petroleum refineries, iron and steel, non-
ferrous metals, non-metallic minerals (mostly cement), chemical and petrochemicals, 
and pulp and paper. The total energy saving potential in these sectors is 20.9 ± 5.2 
EJ/yr, equivalent to 64% of the total global potential and these sectors account 
together for a similar share of the total potentials in ICs and DCs. The remainder 
potential (36%) is in non energy-intensive or light industries.  
 
 
Table 2-4: Energy saving potentials in the manufacturing industries and petroleum refineries of 

ICs and DCs by application of Best Practice Technology, 2007 

Sectors and products 
IP (%) 

Total final 
energy use 
(EJ/yr)1 

Total energy saving 
potential (EJ/yr) Uncertainty 

worldwide 
IP (%)2 

ICs DCs ICs DCs IC DCs World
wide 

Petroleum refineries 14 56 6.7 5.4 1.0 3.0 3.9  ±43 
Chemical and 
petrochemical (incl. 
feedstock) 

7 19 7.7 9.7 0.5 1.8 2.3  

  HVC  
  (excl. feedstock) 23 27 1.9 1.1 0.4 0.3 0.7  ±7 

  Ammonia 11 25 1.2 5.3 0.1 1.3 1.4  ±14 
  Methanol 9 14 0.2 1.0 0.0 0.1 0.1  ±20 
Non-ferrous 19 29 1.6 2.4 0.3 0.7 1.0  
  Alumina refineries 36 51 0.2 1.0 0.1 0.5 0.6  ±7 
  Aluminium smelters 

7 4 
0.8 

1.1 
0.1 0.05 0.15 

 ±7 
  Other aluminium sec. 0.5 0.1 0.1 0.2 
  Copper smelters 47 0.1 0.1 0.03 0.06 0.1 - 
  Zinc smelters 16 46 0.1 0.1 0.0 0.1 0.1  ±11 
Iron and steel 9 30 7.7 18.2 0.7 5.4 6.1  ±19 
Non-metallic minerals 22 26 3.7 7.8 1.0 2.1 3.1  
  Cement 20 25 2.1 7.2 0.4 1.8 2.2  ±7 
  Lime 

39 49 1.6 0.6 0.6 0.3 0.9 
 ±39 

  Glass  ±33 
  Ceramics3  ±46 
Pulp and paper 28 25 5.2 1.6 1.5 0.4 1.9  ±43 
Textile4 10-20 0.8 1.5 0.1 0.3 0.4  ±47 
Food and beverages5 40 3.0 3.4 1.2 1.4 2.1  ±60 
Total 16 30 36.3 50.0 6.2 15.0 21.2 

 ±29 
Other sectors 12 27 21.2 31.8 2.7 8.6 11.3 
Total of all sectors and 
refineries 15 29 

57.6 81.8 8.9 23.6 32.5 
(excl. Feedstock) 19 33 
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Sources: IEA (2009a;b). 
1 Total final energy use includes petroleum feedstocks for petrochemicals, coke ovens and blast furnaces. 
2 Relative uncertainties are provided for the worldwide IP. 
3 Potentials are estimated based on brick production only. 
4 Potentials are estimated based on spinning process only.  
5 Potentials are estimated based on numerous processes including various unit operations as well as 
specific products of the sector which refer to the activity level in ICs. Same IP was applied for both ICs 
and DCs. 
 
2.4 Discussion 
According to the results of our analysis, there is potential to save 32.5 ± 9.6 EJ/yr of 
final energy in the global industry. This is equivalent to IP of 27 ± 8%. However, 
these findings are subject to a number of uncertainties related to both applied 
methodologies and the quality of input data. We now further elaborate on these and 
other uncertainties in this section. 
 
2.4.1 Discussion of results 
Earlier studies (IEA, 2007;2009c) assessed the energy saving potentials by developing 
EEI if the energy-intensive sectors20 were to adopt BPT. Estimated energy saving 
potentials at process level for 2004 and 2006 are 11.4-16 EJ and 14.2 EJ respectively 
(or equivalent to IP of 21-30% and 25% respectively excluding feedstock use). We 
estimated similar IP of 24% for these sectors21.  
 

While we carry out a detailed analysis for these energy-intensive sectors and 
for a few small-scale sectors, we estimated the energy saving potentials of the excluded 
sectors based on approximations. The excluded sectors are characterized by lower 
absolute energy use, but numerous plants in operation and small-scale production 
which potentially lead to higher IP than the global average of all sectors (see Figure 
2-2 in next section, and compare sectors such as alumina refineries, copper smelters, 
breweries with others as an indication). Relying on the IP of the energy-intensive 
sectors only results an under-estimation of the energy saving potentials.   
 

In addition to BPT data, Table 2-3 also provides the SEC of the BAT data for 
some sectors (i.e., energy use of the most-efficient plant). As mentioned earlier (see 
footnote 19) BATs offer at least 10 percentage point for these sectors. New and 
emerging technologies that are available but neither implemented nor commercialized 
                                                 
20 The sectors analyzed in these studies include the chemical and petrochemical, iron and steel, cement, 
pulp and paper and aluminium sectors. Their energy use account for approximately 56% of the industry’s 
total final energy consumption excluding feedstock use. 
21 Energy saving potential is 13.3 EJ compared to a total final process energy use of 56.3 EJ (total of 
selected chemical and petrochemical processes and iron and steel, cement, aluminium industry and pulp 
and paper sectors). These processes cover 53% of the industry’s total final energy consumption excluding 
feedstock use. 3 percentage point difference (see previous footnote) is due to the energy use of chemical 
and petrochemical processes which were excluded. 
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would increase these potentials (e.g., new olefin production technologies or new 
catalytic processes for the chemical industry, (Ren et al., 2006); membrane technology 
for separation processes of the food industry, gasification for pulp and paper and 
petroleum refineries, (Worrell and Galitsky, 2004); and see IEA (2007) for number of 
other technologies for various other energy-intensive sectors). There are also measures 
beyond processes which could contribute to the potentials such as process integration, 
combined heat and power (CHP), recycling and other system options (in steam supply 
and motors) (IEA, 2007; GEA, 2012). These potentials are partly accounted for within 
the benchmark curves (e.g., energy efficient motors or efficient large industrial boilers 
installed in BPTs) but more detailed analysis is required to understand untapped 
potentials and quantify their magnitude. Industrial energy efficiency targets should 
include the potentials of all current and new technologies. 
 
2.4.2 Discussion of methodology, data quality, and further uncertainties in 

results 
2.4.2.1 Benchmark curves 

For some sectors, BPT data was retrieved from benchmark curves. However, 
benchmark curves cover a limited share of global production, not allowing to conduct 
a complete worldwide analysis (e.g., aluminium sector by IAI has production coverage 
of 60%, ammonia sector by IFA and cement sector by CSI have production coverage 
of 30%). We compare the IP for seven sectors22 (see Figure 2-2 and Table 2-5) 
estimated based on (i) external benchmark curves, i.e., curves prepared by other 
organizations, where the worldwide production coverage is incomplete, and (ii) based 
on datasets prepared within our study (by extending the production coverage of 
external benchmark curves or according to methodology “I”). In most cases, the 
production coverage of DCs is low among the external benchmark curves. In 
contrast, our analysis generally covers approximately 90% or more of the global 
production (see Table 2-3). By ensuring higher production coverage for glass furnaces, 
clinker plants, ammonia plants and alumina refineries, we estimated IP values that are 
between +8 and +23 percentage points higher compared to the IP based on external 
benchmark curves. We observe only minor differences for primary aluminium 
smelters, cement grinding plants and steam crackers (between -3 and +2 percentage 
points). 
 

Differences between IP are large if the regions missing in the external studies 
are inefficient compared to rest of the world. This is the case for ammonia plants, 
alumina refineries, cement plants (clinker) and glass furnaces. The opposite is true for 
steam crackers and aluminium smelters: steam crackers in China consume slightly 
more energy than the world average and are much more energy efficient compared to 
                                                 
22 These processes are steam cracking, ammonia production, alumina refining, aluminium smelting, 
cement grinding, clinker production and glass melting. 
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the steam crackers in Middle East and North America23 (Saygin et al., 2011). Primary 
aluminium smelters in China are slightly more energy-intensive than the most efficient 
region Africa (Zunhua and Xuemin, 2008; Yanjia and Chandler, 2010) but they are 
more efficient compared to rest of the world. Incomplete production coverage of 
benchmark curves can provide misleading information regarding the actual global IP.  
 

Since we use literature to fill in data gaps of the external benchmark curves, 
our results are subject to the uncertainties. This is due to the comparability of the 
system boundaries of literature and benchmark data as the latter is based on 
collaboration with the companies. Therefore we expect that the quality of benchmark 
data is highest compared to all other data sources which generally refer to country 
averages. Hence, as reference to other data sources we assume no uncertainties 
associated with benchmark data24 (see Table 2-5). The uncertainty of IP differs per 
sector as compared in Table 2-4 and Table 2-5, e.g., the uncertainties in IP of 
ammonia and methanol production plants are higher compared to alumina refineries 
and aluminium smelters. Background data for the studied chemicals originate from 
own estimations (Saygin et al., 2010) for various world regions and are less reliable 
compared to sectors where much of the data originate from external benchmark 
curves. 
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Figure 2-2: Indexed worldwide energy benchmark curves. The energy use and the cumulative 

production of each study are normalized to ensure a comparable display. Sources: 
see last column of Table 2-5 

                                                 
23 These two regions account for 40% of the total ethylene production analyzed in this study. Other 
regions covered are Asia/Pacific, Europe (both more efficient than China), India (equally efficient) and 
Brazil (inefficient). 
24 There could be uncertainties due to the difference in the activity period benchmark studies refer to 
(between 1999 and 2007) and the reference year of our analysis (2007). Such uncertainties are excluded. 
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Table 2-5: Comparison of estimated worldwide energy efficiency improvement potentials 
 

Most 
efficient 
region 

IP and 
uncertainties (%) ∆ IP 

(This 
study – 
external) 

External benchmark curves  
Refs. of 
external 

External  This 
study 

Product. 
coverage 
(%) 

Missing 
regions 

Spread 
factor1 
(-) 

HVC Asia / 
Pacific 27 24 ± 2  -3 50 non-

OECD 1.72 Leuckx 
(2008) 

Ammonia Europe 13 22 ± 3 9 30 non-
OECD 1.37 

Saygin et 
al. (2010); 

IFA 
(2009b) 

Alumina 
refineries LA 28 48 ± 3 20 57 China, 

some 
non-

OECD 
Europe 

1.76 
1.26 

IAI 
(2009a) 

Primary 
alumin. 
smelters 

Africa 12 5 ± 1 -3 62 IAI 
(2009b) 

Copper 
smelters2 N/A 47 Same as 

external N/A 52 N/A 2.98 Partinen 
(2008) 

Cement 
(grinding) India 20 22 ± 2 2 31 Non-

OECD 
(excl. 

Brazil, 
Asia / 

Pacific) 

1.38 

CSI 
(2009a) Cement 

(clinker) India 16 24 ± 2 8 32 1.48 

Glass 
furnaces N/A 20 42 ± 9 22 N/A N/A 1.51 

Beerkens 
and van 

Limpt 
(2001)  

as in 
Banarjee 

(2006) 

Breweries2 N/A 28  N/A N/A 25 N/A 1.89 KWA 
(2004) 

1 Spread factor is defined as the ratio of energy use of the last decile plant and the international 
benchmark. 
2 For copper smelters and breweries, no benchmark curves were publicly available. We compiled own 
benchmark curves by sorting scattered plant data from publicly available literature. See the compiled 
benchmark curves in Figure 2-1. 
 

2.4.2.2 Energy indicators and comparison limited number of SEC data 
Results of the iron and steel and pulp and paper sectors, and of petroleum refineries 
suffer from uncertainties in background data (e.g., international energy statistics) (all 
estimates based on methodology “I” (EEI)). Saygin et al. (2011) discuss in detail that 
the quality of the energy statistics is poor for complex sectors and therefore the 
uncertainties are high. Similarly, IEA’s (IEA, 2007) analysis shows that countries 
either do not report or under-report the renewable energy use of the pulp and paper 
sector to the energy statistics. 
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For some regions (i.e., developing Asia, Asia/Pacific, Europe), the EEI of the 
pulp and paper sector is less than 1, which points to uncertainties in data. The same 
was true for some countries in the petroleum refineries. EEI less than 1 is technically 
impossible because the lowest EEI value of 1 could only be reached if a country or a 
region applies BPT in all of its processes. When we cross-check the results of 
petroleum refineries with benchmark curves, we conclude that the results of our 
analysis need to be further investigated: distribution of EEI values in this study with 
the external benchmark curves (prepared for individual plants for year 2000) differ 
substantially from each other: 0.86-4.6 (our study) (Saygin et al., 2010) versus 0.5-1.5 
Matthes et al. (2008). Worrell et al. (1994) quantify the uncertainties for the refinery 
sector based on the throughput figures and oil consumption as reported in Eurostat 
and OECD Energy Balances. According to their results, the energy efficiency 
potentials for EU countries include on average 12% uncertainties. Farla and Blok 
(2001) and Corsten (2009) discuss the misreporting of electricity consumption in the 
iron and steel industry to energy statistics for some countries (e.g., Russia, India) and 
incomplete energy balances for others (e.g., Turkey). 
 

A further uncertainty originates from BPT data used in the estimation of EEI 
as it is based on literature, but not on benchmark curves. It is questionable whether 
international benchmark refers to the actual BPT. Therefore actual IP could be higher 
than the estimates here. Uncertainties in background data result in high relative 
uncertainties for IP of these sectors (see Table 2-4): ±43% for petroleum refineries 
and for the pulp and paper sector, compared to ±7% to ±20% for sectors which are 
based on benchmark curves. The uncertainties in the iron and steel sector are 
comparably lower (±19%).  
 

The uncertainties for sectors where methodology “L” was applied are much 
higher compared to others (see Table 2-4). These analyses are not globally 
representative and some data refer to very specific technologies or circumstances in an 
individual plant and therefore may not be representative for the entire sector. 
Therefore global benchmarking of plant energy use for the most important products 
and processes of these sectors (e.g., spinning, weaving, and products of meat and dairy 
industries) would help to improve data availability and data quality. In a study for the 
chemical and petrochemical sector (Leuckx, 2008) where a mix of regional benchmark 
curves and literature data was used, uncertainties of IP are estimated to be lower 
(±26%). Finally, in slab zinc production, we estimate the international benchmark 
based on the energy use of the most-efficient region. The IP is possibly under-
estimated because less efficient plants are also included in the regional data. 
 

There are further uncertainties related to the international energy statistics. 
This concerns the energy saving potentials. For most DCs, international energy 
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statistics provide either only limited or no information on the energy use of the 
individual sectors (except for iron and steel, chemical and petrochemical and non-
metallic minerals). The energy use of all other industry sectors is reported under the 
non-specified item where energy use is aggregated to a single value. For countries where 
detailed breakdown of industrial energy use is provided, a share of the energy use of 
some sectors is also reported as non-specified item. On average, this item accounts for 
20% of the total final industrial energy use in ICs (excl. feedstock use), and it is 
beyond 50% for some DCs. It is also questionable whether all plants of a sector are 
covered under the correct sector in the energy statistics since a large number of plants 
in the non energy-intensive light industry and small-scale sectors belong to the 
informal sector25 and they are often excluded from national statistics. Additionally, 
coverage of statistics depends on the survey practice, e.g., in the Netherlands 
establishments with less than 20 employees are excluded. Bottom-up estimates show 
that brick making (also produced at very small-scale plants) consumes globally 4-7 EJ 
of energy per year (GEA, 2012). This consumption should be reported under non-
metallic minerals in energy statistics. The total energy use of the global cement 
industry (which is also a sub-sector of the non-metallic minerals) is approximately 
equal to 9.3 EJ (own estimations based on (IEA, 2009c; CSI, 2009a). Adding up the 
energy use of the brick making and cement industries already results in a sum that 
exceeds the sector’s reported global energy use by 1.8 to 4.8 EJ (total global energy 
use according to IEA international energy statistics is 11.5 EJ/yr). The energy use of 
brick making and most of other small-scale clusters of other ceramics and building 
materials are either reported under the non-specified item or not reported at all. Gielen 
and Taylor (2009) discuss the possible uncertainties with respect to the reporting of 
energy use of small-scale kilns in India. Although their energy use is minor, similar 
misreporting could occur in some other small-scale sectors such as small blast 
furnaces and re-rolling mills of the iron and steel sector or the glass industry. We 
recommend sector-by-sector bottom-up energy use analysis to check whether 
statistical data is adequately reflecting sectoral energy use. 
 
2.4.3 Definition of international benchmark and further discussion on 

benchmark curves 
We could have defined the international benchmark in a different way than chosen in 
this chapter (i.e., 1st decile plant of the benchmark curves). We discuss below the 
implications of other common definitions on the results: 

(i) EU-ETS proposes the average performance of the plants within the 1st decile 
as the international benchmark (for CO2 emissions)26 (Neelis et al., 2009; 

                                                 
25 The informal sector accounts for 7% of the gross domestic product (GDP) excluding agriculture in 
South Africa and up to 48% in India (Charmes, 2000). 
26 The EU-ETS focuses on greenhouse gas (GHG) emissions only. However, system boundaries and the 
methodologies applied in our study are comparable to the emission benchmark studies. 
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Ecofys, 2009) (based on plant number) (see Figure 2-1). When we apply 
this definition to seven sectors, the global energy saving potential 
increases by from a total of 5.3 EJ to 6.8 EJ, i.e., by 1.5 EJ27. The SEC of 
the international benchmark decreases by 2% (aluminium smelters) to 
14% (cement grinding). The increase in energy savings based on the EU-
ETS definition is explained by the steep slope of the benchmark curves 
within the 1st decile or by the difference between the average energy 
efficiency of the plants within the 1st decile and individual plant at the 1st 
decile. 

(ii) Dutch (VBE, 1999) and Flanders (VCE, 2002) Benchmarking Covenants 
propose the average energy use of the most-efficient region as the 
international benchmark (i.e., top-of-the-world). For six of the seven 
sectors (see previous bullet), the global energy saving potential decreases 
from 5.1 EJ to 3.8 EJ, i.e., by 1.3 EJ28.  

 
We conclude that varying definitions of the international benchmark have 

substantial consequences for the energy saving potential estimates. Hence, definitions 
and the aggregation level of benchmark data is an important factor to determine 
sectoral targets. 
 

In this study, the effect of technical limitations to implement BPT (e.g., 
availability of raw materials and types of feedstock) is disregarded unless external 
benchmark curves do so. Examples are coal-based processes in China (due to 
abundant coal resources, low indigenous natural gas production and limited natural 
gas imports (EIA, 2009; Zhu et al., 2010)) or alumina refineries in India, China and 
Russia which use more energy for bauxite refining due to low quality ores (as a 
consequence of high share of other non-alumina compounds compared to ore from 
other countries29 (Aikaterini, 2010)). Similarly, we do not consider factors such as 
climate conditions, and plant size, which all influence plant energy efficiency. In turn, 
it could be argued that the comparison with other regions benefitting from local 
conditions (thereby improving the energy use at process level) is unfair since 
benchmarks should aim to compare “like with like”. In principle, this could be 
achieved by adjusting the energy use of plants to local conditions, particularly to the 

                                                 
27 These processes are: steam cracking, ammonia production, alumina refining, aluminium smelting, 
cement grinding, clinker production and copper smelting. Since we do not have information on the 
current energy consumption of the glass sector and the breweries we cannot estimate the changes in the 
energy use in these sectors based on different approaches. 
28 For all sectors, the most-efficient region is determined based on SEC data which originate from 
literature. Steam cracking is an exception since the benchmark curve of the most-efficient region, i.e., 
Asia/Pacific, is available to us. 
Benchmark survey of the copper smelters is excluded from the analysis since we have no information at 
regional level. This reduces the number of sectors analyzed to six. 
29 However, raw materials are globally traded more and more, making this argument less valid over time. 
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quality and availability of natural resources. On the other hand such an approach is 
likely to lead to arbitrary choices, explaining why we refrain from it. 
 
2.5 Conclusions 
This chapter provides the first detailed overview of the energy use in the energy-
intensive sectors in ICs and DCs based on benchmark and indicators data. We show 
that information from energy benchmarking can be used to estimate (i) the average 
current energy use for industry sectors for which energy statistics are too unspecific 
and (ii) energy efficiency improvement potentials. Therefore, industrial energy and 
climate policies should ideally be based on energy and emission benchmark curves 
compiled from actual energy use data measured at companies. Sectoral energy 
efficiency improvements targets should be based on information derived from 
benchmark curves. Targets also need to include the potentials of technologies beyond 
the international benchmark which are not covered in benchmark curves. 
 

Currently, some sectors are active in developing methodologies for accurate 
data collection via sectoral partnerships (e.g., aluminium, cement), while others are 
lagging behind due to sector-specific issues (e.g., chemical and petrochemical sector). 
However, for effective energy policy it is necessary to improve both availability and 
quality of industrial energy use data to enable more reliable industrial energy efficiency 
analysis. Representative production coverage is a prerequisite for benchmarking to be 
the key policy tool, i.e., data needs to be collected from countries which do not 
participate in current studies. Since small-scale industry sectors such as textile, food 
and beverage and SMEs are particularly important for DCs, benchmarking studies 
need to include these countries, sectors, and enterprises. We also show that energy 
efficiency indicators are useful and should be applied wherever possible, especially 
since it provides a country-level analysis. Such analysis requires, however, improved 
quality of the international energy statistics.  
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Appendix 2.A  
Here we explain in more detail the uncertainty analysis which was applied to estimate 
the uncertainty intervals of IP and the energy saving potentials of each sector. The 
uncertainty intervals of each methodology component are indicated by δ (see Table 
2.A-1). We assume that our data has a normal distribution and that no correlation 
exists between methodological components30. We estimate the uncertainty interval of 
product and quotient type function q with n number of independent variables (x) 
according to the general formula given in Equation 2.A-1: 
 

q
n

1m

2

mx
mδx

δq ×∑
=

= 







      Equation [2.A-1] 

 
Table 2.A-1: Methodology components used to estimate the energy efficiency improvement 

potentials and the related uncertainty intervals for each sector. Additional 
explanation for each component is provided in the footnotes (all data in %) 

 
δSECaverage,j,x1 δSEClowest,x2 δBPTx3 δPi,j4 δTFEUj,x5 

Uncertainty 
worldwide 
IP (±) 

Petroleum refineries - - 25 10 12 43 
Chemical and petrochemical 
  HVC 25 - 0 - - 7 
  Ammonia 5 - 0 - - 14 
  Methanol 20 - 0 - - 20 
Non-ferrous 
  Alumina refineries 20 - 0 - - 7 
  Aluminium 
  smelters and other 
  aluminium sec. 

10 - 0 - - 7 

  Copper smelters 0 - 0 - - - 
  Zinc smelters 5 10 - - - 11 
Iron and steel - - 5 5 5-15 19 
Non-metallic minerals 
  Cement (clinker) 25  - 0 - - 7 
  Cement (grinding) 10 - 0   7 
  Lime 33 20 - - - 39 
  Glass 33 -  - - 33 
  Ceramics 40 20 - - - 46 
Pulp and paper - - 15 5 3-8,200 43 
Textile 42 20 - - - 47 
Food and beverages - 20 - - - 60 

                                                 
30 In reality, analyzed data needs to have a normal distribution in order for error propagation analysis to 
be applied. However, data distribution for most sectors is most likely skewed. Therefore the estimated 
uncertainty intervals may deviate from the actual ones since we assume a normal distribution.  
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1 We assumed uncertainty intervals only for regions where data was available for. If regional data 
originates from benchmark curves, we did not assume uncertainty intervals (e.g., cement all regions 
available, steam cracking only three regions available, aluminium only worldwide). 
For sectors where we applied methodology “L” (no regional information), we estimated the uncertainty 
intervals based on the standard deviation of all data found in literature. 
2 Uncertainties are due to limited number of data points collected and whether the lowest SEC found 
refers to the actual BPT. We therefore roughly estimate ±20% uncertainty range for all sectors. Zinc 
smelting is an exception because data originates from a benchmark curve at region level. 
3 If the international benchmark of a sector refers to individual plants (data either originating from 
benchmark studies or from literature which are based on similar plant studies) then we do not assume any 
uncertainty intervals. 
4 The uncertainty intervals for the iron and steel and pulp and paper sectors are assumed as 5% since data 
originates from reliable industrial production statistics. For petroleum refineries, the production is 
estimated by multiplying the reported capacity in OGJ (2003) with a utilization factor of 90 ± 10%. 
5 We assume the uncertainty intervals of the reported energy use of the iron and steel sector and the 
petroleum refineries in international energy statistics based on literature. For the iron and steel sector, 
Farla and Blok (2001) provide standard error in energy statistics of OECD Europe and Japan between 
3.8% and 8.8% and for United States 25%. We assume the uncertainty intervals for OECD Europe and 
OECD Pacific as ±5% and for OECD North America and all other countries as ± 15%. We assume that 
reporting to the energy statistics has improved over time. For petroleum refineries, we use ±12% as 
reported by Worrell et al. (1994). For the pulp and paper sector, the detail level of the analysis is higher 
since we assume the uncertainty interval for each energy carrier, namely biomass, other heat and 
electricity. Our approach is triggered by the significant under-reporting of biomass use in the sector 
which on average accounts for half of the sector’s total final energy use worldwide IEA (2009c). We 
assume the uncertainty intervals for other heat and electricity as ±15%. 
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3 Potential of best practice technology to improve energy 
efficiency in the global chemical and petrochemical 

sector31 
 

Deger Saygin, Martin K. Patel, Ernst Worrell, Cecilia Tam, Dolf J. Gielen 
 

Abstract 
The chemical and petrochemical sector is by far the largest industrial energy user, 
accounting for 30% of the industry’s total final energy use. However, due to its 
complexity its energy efficiency potential is not well understood. This article analyses 
the energy efficiency potential on a country level if best practice technologies (BPTs) 
were implemented in chemical processes. Two approaches are applied and an 
improved dataset referring to Europe has been developed for BPT energy use. This 
methodology has been applied to 66 products in fifteen countries that represent 70% 
of chemical and petrochemical sector’s energy use worldwide. The results suggest a 
global energy efficiency potential of 16% for this sector, excluding savings in 
electricity use and by higher levels of process integration, combined heat and power 
(CHP) and post-consumer plastic waste treatment. The results are more accurate than 
previous estimates. The results suggest significant differences between countries, but a 
cross-check based on two different methods shows that important methodological 
and data issues remain to be resolved. Further refinement is needed for target setting, 
monitoring and informing energy and climate negotiation processes. For the short and 
medium term, a combination of benchmarking and country level analysis is 
recommended. 

                                                 
31 Published as slightly adapted version in and based on the article entitled “Potential of best practice 
technology to improve energy efficiency in the global chemical and petrochemical sector” © OECD/IEA 
2011 and on the IEA Information Paper entitled “Chemical and petrochemical sector: Potential of best 
practice technology and other measures for improving energy efficiency” © OECD/IEA 2009 Energy 36 
(2011), pp. 5779-5790 © OECD/IEA 2011. Reproduced with permission from OECD/IEA and 
Elsevier. 
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3.1 Introduction 
Worldwide, the chemical and petrochemical sector consumes approximately 35 
exajoules (EJ) of final energy32 per year and it represents more than 30% of the global 
industrial energy use (including feedstocks). The sector is faced with the challenge of 
saving energy primarily for economic and environmental reasons. In response to the 
G8 “Plan of Action for Climate Change, Clean Energy and Sustainable Development” 
in Gleneagles in 2005 (G8, 2005), the International Energy Agency (IEA) published 
the book “Tracking Industrial Energy Efficiency and CO2 Emissions” (IEA, 2007) on 
energy efficiency and CO2 emission reductions in manufacturing industries. For the 
energy-intensive industry sectors, an indicators analysis was applied to estimate the 
technical potentials of energy efficiency improvements by implementation of best 
available technology (BAT). Industry recognized the importance of energy and carbon 
dioxide (CO2) indicators and is working on sectoral accounting frameworks and 
datasets as a basis for climate policy discussions. Although the chemical and 
petrochemical sector is increasingly active in this area, still major progress needs to be 
made to reach the level of energy and CO2 analysis as performed by other sectors. 
 

The chemical and petrochemical sector poses a special challenge because of 
its complexity and due to the large number of products it manufactures. Other factors 
that make the analysis a challenging task are: lack of publicly available detailed energy 
use and energy efficiency data, complex production sites with a high level of heat 
integration, a large diversity of process routes for producing the same product, the 
very high levels of combined heat and power (CHP) that can be attained, and in some 
cases integration with refineries. Despite the sector’s long tradition of energy analysis 
via benchmarking surveys (e.g., for steam cracking, ammonia, other organic and 
inorganic chemicals), there are still several unresolved problems concerning data 
availability: First, these initiatives do not cover total energy use of the sector 
worldwide, second is they are almost never done on a country or site level, but rather 
for specific processes, and third, many of these studies are confidential and it is 
unlikely that the data will ever become publicly available. 
 

In the framework of IEA’s G8 work, IEA assessed and reported the short-
term country level energy efficiency improvement potentials by application of best 
practice technology (BPT)33 in the chemical and petrochemical sector IEA (2007) and 
IEA (2008a) and by other measures which are related to the sector’s activities, namely 
CHP, and recycling IEA (2007). Worldwide energy efficiency improvement potentials 
by application of BPT were estimated at approximately 18% and 21% for 2004 and 

                                                 
32 Final energy is the sum of fuel demand (for fuel and feedstock purposes) and steam and electricity use. 
33 While for all other sectors IEA establishes the potentials for energy savings and CO2 emissions 
assuming the adoption of BATs, for the chemical and petrochemical sector the analyses are based on 
BPTs. We refer the reader to Section 3.2 for definitions of BAT and BPT. 
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2005 respectively. Further research was conducted and the results are presented in this 
chapter. The main improvements are the extended product scope and the use of 
improved BPT values. By updating these results, deeper insight into the short-term 
energy efficiency improvement potentials in the chemical and petrochemical sector is 
gained. 
 

Results similar to those presented in this chapter have been partly published 
in an IEA Information paper (IEA, 2009a) and in IEA’s industry book “Energy 
Technology Transitions for Industry–Strategies for the Next Industrial Revolution” 
(IEA, 2009b). We will refer to these documents wherever they provide a greater level 
of detail. 
 

In the next section, we explain our methodology and give detailed insight on 
the data sources used in our analysis. In Section 3.3, we present the results of our 
indicator analysis by applying two different approaches, namely a top-down34 and a 
bottom-up approach. In Section 3.4, we discuss the validity of our findings in the light 
of uncertainties in the methodology and input data. We end with conclusions and 
recommendations (for policy makers, industry associations and national statistics 
offices). 
 
3.2 Methodology and input data 
In this section, we first introduce the methodology to establish the savings potential 
for process heat by BPTs and we provide explanations about the input data used in 
our analysis. We then describe the methodology to estimate energy savings by 
increased CHP use and increased recycling.  
 
3.2.1 Energy use indicator and energy efficiency improvement potentials 
We apply an indicator analysis to estimate the energy efficiency improvement 
potentials by implementing BPTs for the 57 most important chemical and 
petrochemical processes (these processes produce the 66 most important chemicals in 
terms of physical production volumes and cover approximately 95% of the sector’s 
total final energy use worldwide, see below). We present results for the world and for 
fifteen countries that have large chemical and petrochemical industries (70% of the 
sector’s total final energy use worldwide). 
 
 
 

                                                 
34 Top-down approach as used in this article differs from the typical term top-down used in energy 
modeling studies. In this study, we refer to top-down approach as an estimation method for calculating 
improvement potentials on the basis of energy statistics. We use this term in order to be consistent with 
the earlier IEA publication (IEA, 2007). 
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The first method we apply for comparing the current performance of the 
sector (for 2006) by BPT is a top-down approach. This approach is similar to the 
methodology applied in previous IEA publications (IEA, 2007;2008a). However, we 
include more processes in the analysis (57 compared to originally 49) and we choose 
to determine the energy saving potentials using BPTs instead of BATs. BPT 
represents best practice technologies that are currently in use at industrial scale and 
they are therefore, by definition, economically viable (IEA, 2007). 
 

The Energy Use Indicator (EUI)35 is the ratio of the sector’s energy use if all 
processes were to adopt BPTs and the sector’s actual energy use as reported in energy 
statistics. The EUI of country (or region) j is calculated as 
 

( )
jTFEUc

n

1i ji,PiBPT

jEUI
×

∑
=

×
=      Equation [3-1] 

 
where BPTi (gigajoule (GJ) final energy per tonne of output) is the specific energy 
consumption (SEC) of the best practice technology36 of process i, Pi,j is the total 
physical production volume of process i in country j (megatonnes (Mt)/yr), c is the 
coverage correction coefficient, TFEUj (PJ/yr) is the actual total final fuel and steam 
use of country j reported in energy statistics (including feedstocks) and n is the 
number of processes. For the coverage correction coefficient, a fixed value of 95% is 
used. We estimate this based on the selected 57 processes for several countries and 
more importantly, for the world as a whole (see Table 3-7 in Section 3.4). 
 

As an alternative to the top-down approach, we also test the feasibility of a 
bottom-up approach. The major difference between the two methodologies is that the 
bottom-up approach establishes the potentials on the basis of the difference between 
the average current SEC and BPT of each process and therefore it is not based on 
energy statistics. According to this approach which was applied earlier by Neelis et al. 
(2007b) and Saygin et al. (2008) to estimate the sector’s total energy use, EUI is 
estimated as 
 

                                                 
35 EUI differs from the original term Energy Efficiency Index (EEIIEA) used in the IEA publications 
(IEA, 2007;2008a;2009a;b). By choosing the acronym EUI we aim to avoid confusion which could arise 
from the fact that EEIIEA has been defined in different ways in IEA publications as opposed to earlier 
publications (EEIUU) (Phylipsen et al., 2002; Neelis et al., 2007a). EUI as used in this publication is the 
reciprocal of the indicator EEIUU; EUI is identical with EEIIEA, the latter being the definition applied in 
earlier IEA publications. 
36 The data refers to BPT in new industrial plants. Savings by revamping existing plants can be smaller. 
However, in this analysis, we estimate the improvement potentials if the whole industry switches to new 
plants according to BPT. 
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where SEC (GJ final energy per tonne of output) is the average current specific energy 
consumption of process i in country j. Based on Equations 3-1 and 3-2, the energy 
efficiency improvement potential of country j is 1 − EUIj. 
 

When applying Equations 3-1 and 3-2, we use three types of data: (i) IEA 
Energy Statistics, (ii) production data and (iii) SEC data for BPTs and for the average 
current situation. IEA publishes energy statistics for OECD and non-OECD 
countries on a yearly basis (IEA, 2008b;c) Production data of most chemicals are 
based on SRI (2008) while we use several other sources for selected other chemicals37. 
We provide an overview of the BPT and average current SEC values for the 57 
processes (for 66 chemicals; see Table 3-1 and Table 3-2). Both the top-down 
approach and the bottom-up approach refer exclusively to fuel use (including steam 
and feedstocks); we do not present results for electricity use because our bottom-up 
calculations cover only one third of total electricity use (IEA, 2009a). The remainder is 
probably used by motor systems (e.g., pumps, compressors, fans) and auxiliary uses 
for which no detailed data are available. Electricity savings are roughly estimated in 
Section 3.3.3.1. 

                                                 
37 For the purpose of this study, production volumes (in physical terms) for 39 organic chemicals and 
polymers (except for polycarbonate) have been provided by SRI (2008) for fifteen countries and the 
world. We estimate the production volumes of most inorganics and of polycarbonate based on 
production capacities given in Chemweek (2007a;b;c;d) using a capacity utilization rate of 85% (Neelis et 
al. 2007a; Weiss et al., 2008; in reality actual utilization rates could differ across countries). We take the 
production volumes of other inorganics from the US Geological Survey Minerals Yearbook (USGS, 
2008a;b). For ethanol production, we use data from Renewable Fuels Association (RFA, 2009). We 
received the production volume of urea from International Fertilizer Association (IFA, 2009a). 
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Table 3-1: BPT and average current SEC values for the production of key chemicals, 2006 (in final energy terms, without electricity use; GJ/tonne of 
output)1 

  BPT  Average current SEC  References for   

  Feedstock Fuels Heat Feedstock Fuels Heat BPT Average current 
SEC 

Organic  
Acetic acid     4.1     5.7 Meyers (2005) Industrial sources 
Acetone     9.8     13.9 Chauvel and Lefebvre (1989) 
Acrylonitrile (ACN)    0.3 -6.4   0.3 -4.5 Schyns (2006) 
Adipic acid3   1.0 18.5   1.2 25.7 Chauvel and Lefebvre (1989) 
Benzene (steam cracking)4 0.0 13.1 -1.4 See Table 3-2 Schyns (2006) See Table 3-2 

Benzene (aromatics 
extraction)4 40.1   1.9 40.1   3.2 Schyns (2006) 

Butadiene (steam cracking) 0.0 13.1 -1.4 See Table 3-2 Schyns (2006) See Table 3-2 
Butadiene (C4 separation) 44.6   5.5 44.6   7.3 Schyns (2006) 
Butylene 45.0   1.9 45.0   3.2 Schyns (2006) 
Caprolactam   0.2 -3.2   0.2 4.1 Schyns (2006) 
Cumene   2.1 -2.8     1.8 Meyers (2005) Industrial sources 
Cyclohexane3     -1.6     -1.3 Industrial sources 
Dimethyl terephthalate 
(DMT)3   4.7     5.9   Industrial sources 

Diphenylmethane 
diisocyanate (MDI)3     0.9     1.1 Industrial sources 

Ethanol3, 5 13.9   8.3 13.9   10.4 Patel et al. (2006) 
Ethylene6 45.0 13.1 -1.4 See Table 3-2 Schyns (2006) See Table 3-2 
Ethylbenzene (EB) 2     3.3    3.9 Meyers (2005) - 
Ethylene dichloride (EDC) 2   4.4     5.3   IEA Estimate - 
Ethylene glycol (EG)   0.8 3.5   0.9 4.4 Industrial sources 
Ethylene oxide (EO)   2.5     3.1   Industrial sources 
Formaldehyde2,7     -4.8     -5.7 IPTS/EC (2003) - 

Isopropyl alcohol (IPA) 2   5.2 5.4   6.2 6.5 Chauvel and 
Lefebvre (1989) - 
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  BPT  Average current SEC  References for   

  Feedstock Fuels Heat Feedstock Fuels Heat BPT Average current 
SEC 

Maleic anhydride2     2.0     2.4 IEA Estimate - 
Melamine7   7.9 3.9   9.0 19.4 Schyns (2006) 

Methacrylate     2.0   10.0 7.7 IEA Estimate Chauvel and 
Lefebvre (1989) 

Methanol from natural gas8 19.9   8.5 See Table 3-2 IEA Estimate See Table 3-2 
Methanol from coal8 19.9   12.8 See Table 3-2 IEA Estimate See Table 3-2 
Methyl tert butyl ether 
(MTBE)     0.8     1.5 Schyns (2006) 

Oxo-alcohols2     2.1     2.5 Meyers (2005) - 

Phenol     9.1     9.6 Meyers (2005) Chauvel and 
Lefebvre (1989) 

Phthalic anhydride2   20.0     24.0   IEA Estimate - 
Propylene (steam cracking) 45.0 13.1 -1.4 See Table 3-2 Schyns (2006 See Table 3-2 
Propylene (FCC)9 45.0   1.9 45.0   3.2 Schyns (2006) 
Propylene oxide3     14.2     17.8 Industrial sources 
Purified terephthalic acid 
(PTA)     2.6   1.6 1.7 Meyers (2005) Boustead (2008) 

Styrene2     7.7    9.2 JPCA (2008) - 
Toluene (aromatics 
extraction)10 20.4   1.9 20.4   3.2 Schyns (2006) 

Toluene diisocyanate (TDI)7     21.7   24.8 7.3 IEA Estimate Chauvel and 
Lefebvre (1989) 

Xylene (aromatics  
extraction) 40.8   1.9 40.8   3.2 Schyns (2006) 

p-Xylene   6.3 0.8   1.4 6.7 Meyers (2005) IPTS/EC (2003) 
Vinyl acetate monomer     2.8     4.8 Industrial sources 
Vinyl chloride monomer   2.7     3.6 0.5 Meyers (2005) IPTS/EC (2003) 
Urea     2.2     3.9 Schyns (2006) 
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  BPT  Average current SEC  References for   

  Feedstock Fuels Heat Feedstock Fuels Heat BPT Average current 
SEC 

Plastics  
Phenolic resins7     10.0     12.0 IEA Estimate - 
Polycarbonate2     10.8     12.9 IEA Estimate - 
Polyethylene, high density 
(HDPE)     1.0     2.9 Schyns (2006) 

Polyethylene, low density 
(LDPE)     -2.1     0.1 Schyns (2006) 

Polyethylene, linear low 
density (LLDPE)11     1.6     1.4 IPTS/EC (2007a) 

Polyethylene terephthalate 
(PET)2   4.1     4.9   Boustead (2008) - 

Polypropylene (PP)     0.1     1.0 Schyns (2006) 
Polystyrene (PS)   0.5     0.5  Hydrocarbon Processing (2003) 
Polyvinyl chloride (PVC)   0.5 1.2   0.6 1.4 Schyns (2006) 
Urea formaldehyde (UF) & 
other resins & fibres12     2.0     2.5 Industrial sources 

Synthetic rubber & latex12     19.9     22.9 Schyns (2006) 
Inorganic  
Ammonia from natural gas8 20.7 10.9 -3.9 See Table 3-2 Schyns (2006) See Table 3-2 

Ammonia from coal8 20.7 17.3 -1.3 See Table 3-2 AIChE (2008); IFA 
(2009a) See Table 3-2 

Ammonia from oil8 20.7 16.1 -1.5 See Table 3-2 IFA (2009a) See Table 3-2 

Carbon Black13 37     37 19.9   Leenderste and van Veen (2002); 
Ullmann’s (2002) 

Chlorine14     1.9 See Table 3-2 IPTS/EC (2001) See Table 3-2 
Titanium dioxide15   4.1 8.4   13.0 11.7 IPTS/EC (2007b) 
Oxygen Only electricity use  IEA (2007) 
Soda ash16     10.0 See Table 3-2 CEFIC (2004) See Table 3-2 
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Note: All BPT and average current SEC data are expressed in lower heating values (LHV). 
1 We use the data displayed in this table for the analysis of the global chemical industry. However, most data originate from Europe because data for other world 
regions and for individual countries were not available for this study. The use of this data for other world regions is a limitation of the analysis since SEC varies 
very substantially across the world (for example Phylipsen et al. (2002) quantify the variations across US and several European and Asian countries for ethylene 
and ammonia production where there is a difference of 30% and 55% respectively between the most and least efficient countries). We discuss the potential 
uncertainties that arise from this issue in Section 3.4. Furthermore some BPT data is based on sources representing the technology level two decades ago. Since we 
did not find more recent data we use these data in the analysis. This is limited to six chemicals only (see those based on Chauvel and Lefebvre (1989)). 
Final energy can be converted into primary energy assuming a steam production efficiency of 85% and a power plant efficiency of 40%. 
2 Average current SECs were not available; we therefore estimate them assuming that they are 20% higher than the BPT. A change of ±10 percentage points in 
this assumption result in less than 1% change in the estimated total final energy use.  
3 BPTs were not available, we estimate them assuming that they are 20% lower than then average current SEC.  
4 Steam cracking and aromatics extraction are counted as one process each. 
5 The feedstock use is the production of ethanol from fermentable sugar (13.9 GJ/t) and the steam use refers to the production of fermentable sugar from 
agricultural crops (8.3 GJ/t). 
6 We use this dataset for the entire ethylene production except for ethylene production by steam cracking of ethane, for which the fuel use is estimated to be 5 
GJ/t higher. One reason for this higher fuel use is that ethane crackers are generally designed with less heat integration and higher flue gas temperatures. Another 
reason is that ethane steam crackers essentially yield only ethylene whereas naphtha steam crackers produce also other compounds (propylene, butadiene, BTX); as 
a consequence the average calorific value of the output is larger (by approx. 2 GJ/t) in the case of ethane and propane steam crackers compared to steam crackers 
operated on naphtha and gas oil and therefore the process energy is also somewhat larger (higher endothermicity).  
7 No feedstock value is given for formaldehyde, melamine, TDI and phenolic resins because this has already been accounted for in the production of the relevant 
raw materials (i.e., ammonia, methanol, propylene, benzene, toluene, urea). 
8 The BPT final energy use for oil-based ammonia production is assumed to be 30% higher compared to natural gas-based ammonia production (AIChE, 2008; 
IFA, 2009a). The BPT final energy use for coal-based ammonia production is assumed to 50% higher than natural gas-based ammonia production (IFA, 2009a). 
The BPT final process energy use for coal-based production of methanol is assumed to be 50% higher compared to natural gas-based methanol production 
(process energy use for natural gas: 10 GJ/tonne of methanol, for coal: 15 GJ/tonne of methanol; see Table 3-2). 
Methanol from natural gas and coal are counted as two processes. By analogy ammonia production from natural gas, oil, and coal are counted as three processes. 
9 Energy data for propylene extraction in fluid catalytic cracking (FCC) process was not available and have therefore been approximated using the dataset for 
aromatics extraction. 
10 Half of all toluene consumption is utilized as raw material in other aromatics production, i.e., for xylene production via hydroproportionation and for benzene 
production via dealkylation. Thus, we cannot assign the full calorific value (40.8 GJ/t) to each of these chemicals as feedstock value because this will lead to 
substantial double-counting. Therefore we correct the feedstock value of toluene by the share of its consumption processed to other aromatics (by 50%). 
11 The BPT value for steam use is higher than the average current SEC which is not possible. However, when the energy uses including electricity are compared 
then the BPT technology is more energy efficient than the average current SEC (2.08 vs. 2.45 GJ final energy per tonne of LLDPE). 



 

 

  P
oten

tial of best p
ractice tech

n
ology to im

p
rove en

ergy efficien
cy 

 
 

  52 
  in

 th
e global ch

em
ical an

d
 p

etroch
em

ical sector 

12 The BPT value is for urea formaldehyde (UF) resin production only, however we use the data for the entire product group due to lack of representative BPT 
energy data for each product. With this process, we cover the production of: acrylic fibers, nylon fibers, polyester fibers, acrylontrile-butadiene-styrene (ABS), 
styrene acrylonitrile (SAN) resins, Melamine-formaldehyde resin, UF resin and polyester solid state resins. 
The BPT value for ‘Synthetic rubber & latex’ actually stands for ethylene propylene rubber (EPDM) production. Due to lack of data, we use the same BPT value 
for the production of polybutadiene (PB) rubber, styrene-butadiene rubber (SBR) and related styrene-butadiene (SB) polymers. Furthermore, synthetic rubber is 
an exception: the BPT data we use refers to the global situation, i.e., not to Europe. 
We count the product group “Urea Formaldehyde (UF) & Other resins & fibers” and the product group “Synthetic rubber & latex” as one process each. 
13 These values are net energy requirements. This means that we credit the released energy in the form of steam or electricity. For example, tail gas in carbon black 
production may be used for heating of dryers process and partly for steam (and sometimes electricity) generation. Therefore we deduct the output of tail gas from 
the gross energy requirements in order to calculate the net energy requirements.  
14 Energy values refer to one tonne of chlorine production, but cover the electrolysis of sodium chloride as a whole, i.e., including the concentration of sodium 
hydroxide to 50% concentration. The BPT (membrane process) has a current density of 0.3 – 0.4 A/cm2. It may not be possible to operate the plant full-time at 
the energy efficient current density. Therefore we refer to a range of current densities for the BPT. We also account for the quantity of steam consumed for brine 
preparation and sodium hydroxide (NaOH) concentration as well as the electricity requirements for rectifiers. We exclude electricity required for NaOH cooling, 
hydrogen cooling and drying, liquefaction/evaporation of chlorine and its gas compression from the system boundaries. We do not give credits for the by-product 
hydrogen (approximately 3.4 GJ per tonne of chlorine based on the LHV of hydrogen by-produced). 
15 The values refer to the lowest recorded energy use of chloride process route among the two processes employed worldwide. The other is sulphate process. We 
estimate average current SEC based on global shares of chloride and sulphate processes and the average current SEC as given in IPTS/EC (2007b). The SEC for 
TiO2 includes the following processes: TiO2 usage ore preparation and oxidation/calcinations, TiO2 usage finishing and effluent treatment. 
16 BPT values refer to synthetic production only. In North America (USA and Canada), soda ash is exclusively produced by mining which requires less energy than 
the synthetic routes. Therefore we do not estimate any savings for soda ash production in North America. 
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Table 3-2: Best estimates for average current SEC for the production of key chemicals in 
studied countries, 2006 (without electricity and excluding feedstock use; data in final 
energy terms; GJ/tonne of output) 

 Steam 
cracking1 Ammonia2 Methanol3 Chlorine4 Soda ash5 

Japan 12.6 14.3 - 1.9 10.6 
Benelux 15.3 14.3 10.0 1.2 11.6 
Germany 15.7 16.6 12.4 2.3 11.6 
USA 18.3 17.3 11.4 4.7 6.9 
Brazil 17.1 15.3 10.0 4.4 11.7 
Canada 18.3 17.2 10.0 4.7 6.9 
China 16.7 28.9 15.0 2.7 13.8 
France 15.4 16.5 - 2.3 11.6 
India 16.7 19.5 10.9 0.6 13.6 
Italy 15.9 15.0 - 0.4 12.6 
Korea 12.6 21.3 - 1.9 10.6 
Saudi Arabia 18.3 15.3 10.0 2.9 11.6 
Taiwan 16.7 16.3 - 2.9 13.7 
World 16.9 20.9 10.9 2.9 10.9 

Note: If any of these chemicals were not produced in these countries in year 2006, then we do not 
provide any SEC value for the production of that chemical in that country.   
1 The output of steam cracking process is high value chemicals (HVC), see below in main text for the 
definition. 
2 The fuel use values account for the differences in process energy that are due to feedstock mix (IEA, 
2007; Karangle, 2007). 
3 Process fuel use for natural gas based methanol production is 10 GJ/tonne of methanol (IEA, 2007). 
The SEC of the coal-fed methanol production process is 50% higher than the natural gas based one 
(IEA, 2007). 
4 We account for the differences in process shares across the countries and the SEC values are based on 
literature (Energetics, 2000; Worrell et al., 2000; IPTS/EC, 2001; Sathaye et al., 2005; Weishan, 2008). 
5 We account for the differences in process type across the countries and the SEC values are based on 
literature (IEA, 2007; CEFIC, 2004; Sathaye et al., 2005; Weishan, 2008). 
 
 

We apply the methodology simultaneously for process energy and feedstock 
energy in order to reduce uncertainties caused by differences in system boundaries of 
energy statistics38. Weiss et al. (2008) showed that process energy and feedstock energy 
cannot be reliably separated given the lack of consistent reporting in international 
energy statistics. 
 
 

                                                 
38 Using IEA Energy Statistics, we combine (i) process energy: the total final energy consumption of the 
chemical and petrochemical sector by type of fuels and heat (excl. electricity) and (ii) feedstock energy: 
the memo-item “feedstock use in petrochemicals”. 
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We equate the feedstock use to the calorific value of the basic chemicals 
produced from the first conversion of fossil fuels, e.g., benzene, ethylene and 
ammonia. These basic chemicals are raw materials for the production of intermediates 
and their derivatives. As a result, we do not attribute energy efficiency improvements 
to the feedstock used for the production of chemicals. To avoid double counting, we 
exclude the calorific values of intermediates and derivatives that are made from the 
basic chemicals. 
 

Since we were not able to collect worldwide information, average current 
SEC and BPT data refer to the situation of Europe (see Table 3-1). We uniformly use 
these values for the global and for the chemical and petrochemical sector of all 
countries. However, when applying the bottom-up approach, given the significant 
differences in feedstock composition and the SEC values among the selected 
countries, country-specific SEC values should be used. Using a variety of sources we 
estimated the SEC per world region for the five most important processes (leading to 
the production of nine chemicals and accounting for half of the sector’s energy use 
including electricity), i.e., steam cracking, and the production of ammonia, methanol, 
chlorine (incl. sodium hydroxide) and soda ash (see Table 3-2). The values are partly 
based on literature and personal communication with industry experts. We 
quantitatively assess the uncertainties in the improvement potentials and the energy 
savings by applying standard error propagation analysis (assuming all data shows 
normal distribution). We do this for the bottom-up approach by assuming uncertainty 
ranges for each methodology component, namely for production statistics, average 
current SEC and BPT. In our view it would not be sensible to conduct an uncertainty 
analysis for the top-down approach since the uncertainties in the reported values for 
feedstock and process energy use in international energy statistics are very high (Weiss 
et al., 2008; see also Appendix). We neither measure the uncertainties in our results 
due to methodological limitations. However, we provide a qualitative discussion of all 
uncertainties in Section 3.4. 
 

System boundaries of the values in Table 3-1 and Table 3-2 refer to direct fuel 
use consumed per tonne of product associated with the entire chemical processes 
covering both chemical conversion and downstream processing. Energy use of 
processes outside the chemical production processes, e.g., mining and extraction of 
materials, plastic waste management, are outside the system boundaries. We account 
for steam exports of production processes with exothermic reactions (denoted as 
negative values, e.g., steam from steam cracking). We assume that all excess heat can 
be used onsite. As we consider energy credits (as steam or fuel), our values can be 
referred to as specific net energy requirements. All energy data are expressed as lower 
heating values. 
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Most processes of the chemical and petrochemical sector result in more than 
one product, requiring particular attention when specifying energy use. Steam cracking 
is by far the largest multi-product process in this sector. In this chapter we use the 
definition of High Value Chemicals (HVC) used by Solomon Associates. According to 
this definition, HVC includes ethylene, propylene from the pyrolysis gas of steam 
crackers, contained amounts of benzene and butadiene in the HVC mix of steam 
crackers (but excluding the share of benzene from naphtha reforming), acetylene and 
hydrogen sold as fuel (Schyns, 2006). Unlike the definition followed in earlier IEA 
publications (IEA, 2007;2008a), toluene and xylene are excluded in the HVC 
definition in spite of being extracted for subsequent use (for consistency reasons with 
established industry benchmarking practice). This raises the SEC for HVC produced 
compared to the SEC value in earlier studies. 
 

The extraction of aromatics from the pyrolysis gas of steam crackers and 
from refinery flows is a separate activity and it is excluded from the steam cracker 
energy use. We assume that these processes use an average of 2 GJ final energy per 
tonne of extracted benzene, toluene and xylene (Schyns, 2006). We assume the same 
value for the separation of butylenes and propylene from FCC39. 
 

For all countries except for China and India, we assume natural gas for the 
BPT values of ammonia and methanol production as this is the most common 
feedstock. In China, most ammonia is made from coal (next to some natural gas and a 
small amount of oil) and in India a mix of natural gas and oil is used (IFA, 2009c). 
Methanol production is almost exclusively coal-based in China (MI, 2009). In China, 
as a result of recent major investments, coal-fed processes will continue to be used 
(Chemweek, 2007e). However, there is an over-capacity of the products made from 
the coal-based processes and therefore no new investments will be done in the next 3 
years (China5e, 2009). Furthermore, the chemical and petrochemical sector in China, 
particularly the east coast, will be able to benefit from the availability of imported 
natural gas from increased LNG shipments (Reuters, 2010). 
 
3.2.2 Combined heat and power (CHP) 
CHP generally increases the efficiency compared to separate electricity and heat 
generation. CHP has a long tradition in the chemical and petrochemical sector due to 
the large demand for both steam and electricity. Typically the power capacity of CHP 
plants is designed to cover the site’s base load heat demand in the low and medium 
temperature range (100–400 °C). This is approximately half of the sector’s total heat 
demand. The remainder is high temperature heat (Euroheat and Power, 2006). We 

                                                 
39 Although FCC plants are part of refineries, propylene production via this route is accounted for under 
the chemical and petrochemical sector in production statistics. In contrast, the energy use is reported 
under petroleum refineries in IEA energy statistics (see below in Section 3.4). 
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define the difference between the maximum theoretical CHP capacity and the current 
installed capacity as the maximum additional theoretical CHP capacity, allowing 
maximum energy savings40. For meeting the high temperature heat demand, we 
assume no additional CHP capacity. 
 

The reference efficiency of separate power and separate heat production can 
be chosen in different ways: the CHP unit can be compared with the grid average 
(average approach) or to a new power plant that would deliver power to the grid 
(marginal approach). Depending on the reference chosen, the calculated savings can 
differ substantially. In extreme cases, the range of outcomes may vary from significant 
savings to no savings at all. 
 

We apply the following rationale: If a CHP plant is installed at an existing 
chemical site in a developed economy with low energy demand growth, energy savings 
can be calculated by comparing the CHP unit’s power output to the average power 
grid efficiency, or compared to the oldest and least efficient plants that will be phased 
out when the new CHP unit is installed. For example in the United States, a country 
with very few new investments during the past decade, a net average efficiency of at 
least 30%41 for a sub-critical coal fired unit is common (Graus et al., 2007). Somewhat 
higher efficiencies in the order of 35–40% can be assumed as reference in other parts 
of the world where coal or even nuclear may be the technology of choice for new 
units (Graus et al., 2007). In contrast, in countries where the share of gas in power 
generation has been rising and where there is substantial investment in the power 
sector, it may be more plausible to compare a new CHP unit with a new grid 
connected natural gas combined cycle plant (NGCC) plant. This type of reference can 
be used for countries such as South Korea, the Netherlands or the United Kingdom 
(Park and Kim, 2008). 
 

As for the heat generation reference, the typical efficiency of average large-
scale boilers is approximately 85% (Einstein et al., 2001). With improvements, new 
stand-alone boiler efficiencies can be higher than 90% (Hendriks et al., 2004). To 
some extent the fuel choice and the temperature of the heat generated influence the 
boiler efficiency (up to 107% efficiency for generation of low-temperature heat in a 
condensing gas boiler but below 100% for typical industrial steam boilers). Table 3-3 
summarizes the assumptions made in the average approach and the marginal 

                                                 
40 A study by Daniëls and van Dril (2007) analyzes the potential of CHP until 2020 for several electricity 
prices and subsidy levels. We estimate based on the results of this study that implementation barriers 
could halve the theoretical potential of low and medium temperature heat demand covered by CHP. 
Since our study excludes the barrier effects against technology implementation, we do not provide further 
results and discussion on the reductions of the savings potentials due to barriers. 
41 All efficiency values are expressed in LHV. 
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approach. We apply both approaches for estimating primary energy savings by CHP 
plants (with an overall CHP efficiency of 81% for electricity and heat). 
 
Table 3-3: Summary of efficiency assumptions and the relevant context 

 Average approach Marginal approach1 
Rationale No capacity increase in grid 

power generation 
Grid power generation is 
increasing (or being renewed) 

Relevant context Developed economies 
Existing chemical plants 
Grid power based on current 
energy mix (with substantial 
amount of coal and/or nuclear 
energy) 

Emerging economies (or 
developed economies) 
New chemical plants 
Grid power based on natural 
gas 

Reference efficiency for 
separate generation of power 
and heat 

Boiler Electricity Boiler Electricity 
≤85% 40%2 ≥85% 52.5%-60% 

Primary energy savings3 20% 4-10% 
1 The application of the marginal approach can also be adequate in a developed economy where existing 
power plants are gradually replaced by highly efficient modern power plants and where it therefore needs 
to be decided whether investment are made in CHP or in separate generation. 
2 The average electricity efficiency is estimated based on IEA energy statistics for the world in year 2006 
(IEA, 2008c). It represents the efficiency of grid electricity generated from all energy sources. It includes 
hydropower and wind, tide/wave/ocean and solar photovoltaics which are accounted for with 100% 
efficiency according to the IEA methodology. Excluding hydropower would result in an overall power 
generation efficiency of 36%. 
3 Primary energy savings are compared to average CHP efficiency of 81% (this is the default assumption 
representing current best practice at the national level). If the CHP efficiency increases (from currently 
81%), to the efficiency level of new CHP systems (85%-90%) such as big and small gas turbines and gas 
engines (Hers et al., 2008), then the primary savings increase by 7 to 8 percent points. 
 
3.2.3 Recycling 
At the end of the useful life of plastics, it is possible to save energy by recycling (either 
mechanically or as feedstock). However, incineration and landfilling are the most 
common practices to dispose of post-consumer plastic waste. However, there are, in 
principle, large technical potentials to save energy by increased recycling. Among the 
recycling options, mechanical recycling is by far the most common worldwide. Once 
polymers are recycled on a larger scale, feedstock demand could decrease (less demand 
for raw materials due to the availability of recycled equivalents), thus leading to energy 
savings in the related production processes. 
 

Total polymer consumption in 2006 is reported as 245 Mt (excl. 55 Mt 
consumption of non-plastics, i.e., polymers used as coatings, adhesives and other 
applications (Plastics Europe, 2008). This gives rise to an estimated plastic waste 
volume of 120 Mt per year, equivalent to half of total global plastics consumption (the 
remainder is currently accumulated in the economy). Today, worldwide less than 10% 
of the total plastic waste is recycled (IEA, 2007). For comparison, in Europe (EU-27 
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countries, Norway and Switzerland), 20% of the total share of post-consumer plastics 
is mechanically recycled and 30% is incinerated with energy recovery (Plastics Europe, 
2008). The remaining half is disposed of either by landfilling or by incineration 
without energy recovery. In Japan the share of unrecovered waste is less than in 
Europe (40% compared to 50% (Ida, 2006)), with energy recovery playing the most 
important role. 
 

As a first assumption for best practice, we assume that 25% of the total post-
consumer plastic waste is mechanically recycled. We assume that landfilling will be 
phased out. We make a rough estimation of the savings by mechanical recycling 
(remaining 30 Mt) to polymer substitutes (in first cycle) by multiplying the quantities 
that are recycled with the specific energy savings compared to landfilling (50 GJ/t 
according to Patel et al. (1999); accounting for the current global plastic mix). 
Compared to their equivalents produced from primary raw materials, the mechanical 
properties of recycled products deteriorate in the course of the recycling process. We 
account for this by an estimated substitution factor of one third. We assume that the 
remaining output of mechanical recycling will be used as non-polymers substitutes 
(two-thirds); we neglect the related energy savings because they are relatively small and 
very varied. Throughout this analysis we do not credit any primary energy savings due 
to waste incineration (with energy recovery) because waste management is outside the 
system boundaries of the chemical and petrochemical sector. 
 
3.3 Results 
3.3.1 Energy efficiency improvements in process heat 
As Table 3-4 shows, the BPT energy use of the global chemical and petrochemical 
sector according to the top-down approach is 26.5 EJ and according to the bottom-up 
approach is 26.9 ± 4.5 EJ (excl. electricity). Compared to the sector’s current energy 
use of 31.5 EJ (as reported in energy statistics in 2006 and excl. electricity), this is 
equivalent to an energy saving potential of 5.0 EJ and 4.6 ± 1.1 EJ respectively. The 
ten most energy consuming processes account for more than 85% of the final BPT 
energy use (including feedstock) of the chemical and petrochemical sector. Steam 
cracking accounts for 35%, ammonia production from natural gas and coal accounts 
for 17%, the extraction of aromatics accounts for 15%, and methanol and butylene 
production account for 4% each. While the results according to the top-down and the 
bottom-up approach are very similar, for the global chemical and petrochemical 
sector, there are significant differences for a number of countries. We show the 
difference between the estimated improvement potentials according to the two 
approaches in the very right column (Δ Improvement potentials) of Table 3-4. The 
closer this difference is to zero, the smaller the differences are between the estimates 
based on the two approaches. We discuss the most important findings below: 
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(i) According to both approaches, the improvement potentials are in the 
range of 5–15% for Brazil, Canada, France, Italy, Japan and Taiwan. 
While Saudi Arabia and the United States have very high improvement 
potentials according to the top-down approach, i.e., in the order of 20% 
or more, the bottom-up approach places these countries among the most 
efficient with potentials in the order of only 9 ± 2% and 11 ± 3% 
respectively; 

(ii) According to top-down approach, we find in several cases negative values 
(1-EUI<0), indicating that the existing processes are on average equally 
efficient and even more efficient than BPT. This is the case for China, 
Korea, India and Benelux. Furthermore, the improvement potentials for 
Germany are very low (1.5%). In comparison to these results, for China 
and India, we find significantly higher improvement potentials according 
to the bottom-up approach, i.e., 21 ± 5% and 19 ± 4%, respectively. 

 
Table 3-4: Energy efficiency potential of the chemical and petrochemical sector by application 

of Best Practice Technology for selected countries, 2006 (incl. process energy and 
feedstock use, excl. electricity) 

 Reported 
energy 
use1 

(TFEU) 
(PJ/yr) 

Top-down approach2 Bottom-up approach 
∆ Improvement 

potentials 
(top-down – bottom-

up) 

BPT 
energy use 

(PJ/yr) 

Improvement 
potentials (%) 

BPT 
energy use 

(PJ/yr) 

Improvement 
potentials  

(%) 

USA 6,412 4,851 24.4 5,713 10.9 ± 2.8 13.4 
China 4,301 4,459 (-3.7) 3,397 21.0 ± 4.8 -24.7 
Japan 2,053 1,746 15 1,907 7.1 ± 1.7 7.9 
Korea 1,416 1,424 (-0.6) 1,322 6.7 ± 1.6 -7.3 
Saudi 
Arabia 1,369 1,044 23.7 1,252 8.5 ± 2.0 15.2 

Germany  1,064 1,048 1.5 931 12.5 ± 3.1 -11.0 
India 1,096 1,113 (-1.5) 893 18.6 ± 4.2 -20.1 
Benelux 1,004 1,054 (-5.0) 901 10.2 ± 2.4 -15.2 
Taiwan 736 620 15.8 647 12.1 ± 3.1 3.7 
Canada 776 703 9.5 655 15.6 ± 3.5 -6.1 
France 627 556 11.3 563 10.1 ± 2.4 1.2 
Brazil3 572 506 11.6 503 12.1 ± 3.9 -0.5 
Italy 389 348 10.5 344 11.5 ± 3.0 -1.0 
World 31,529 26,544 15.8 26,898 14.7 ± 3.5 1.1 

1 In IEA energy statistics total final energy use of the chemical and petrochemical sector is possibly 
under-reported for two components: (i) amounts of coal used as feedstock in the production of ammonia 
and methanol, particularly in China and (ii) refinery aromatics produced in petroleum refineries. We 
revert to the uncertainties concerning these points in more detail in Section 3.4. 
2 For each country, we divide the calculated BPT energy use by 95%, i.e., the coverage correction 
coefficient according to the top-down approach (c), in order to account for the fact that some production 
processes were not considered.  
3 The direct use of statistical data for Brazil leads to very high negative improvement potentials (-43%) 
according to top-down approach. This may be because the energy use for bio-ethanol production is 
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excluded from the system boundaries of the Brazilian chemical and petrochemical sector. We check 
whether this is the case by re-estimating the sector’s coverage correction coefficient by the bottom-up 
approach. We estimate it as 153%, indicating that the energy use of bio-ethanol production is not 
reported as part of the chemical and petrochemical sector in the energy statistics of Brazil. 
 

For the world as a whole, we determine an energy efficiency potential of 16% 
and 15 ± 4% based on top-down and bottom-up approaches respectively. This is less 
than the energy saving potential in some other industry sectors achievable by 
switching to BAT, e.g., 29% in the iron and steel and 23% in cement sector (IEA, 
2009b). The reason for the comparatively low saving potential in the chemical and 
petrochemical sector is the high share of feedstock use for which no savings are 
possible. This indicates that, in addition to energy efficiency improvements, other 
approaches such as biomass feedstock use should be explored to reduce CO2 
emissions in the chemical and petrochemical sector. Further energy savings can be 
achieved by higher recycling and enhanced implementation of CHP; we discuss these 
potentials in the next section. 
 
 
3.3.2 Savings related to CHP and recycling 
We estimate that, for average approach, the full exploitation of the CHP potential 
(maximum additional CHP capacity) would offer primary energy savings of 2.7 ± 0.2 
EJ/yr for the countries shown in Table 3-5 and 3.5 ± 0.2 EJ/yr worldwide42. 
Worldwide primary energy savings amount to 1.3 ± 0.1 EJ/yr for the marginal 
approach43. 
 
 
 
 
 
 
 
 
 

                                                 
42 For measures other than BPT (for process heat), when relevant, we provide the uncertainty ranges 
estimated based on the results of the bottom-up approach. There are no or negligible differences between 
the energy savings of these measures estimated by the top-down and bottom-up approaches. 
43 According to the marginal approach, primary energy savings could be as high as 1.9 ± 0.1 EJ/yr if the 
reference system is compared to CHP systems with higher efficiencies (85–90%). In comparison to IEA 
(2009a), in this chapter the CHP potentials are slightly corrected because we now consider the reductions 
in steam and electricity demand due to the adoption of BPTs. We also exclude the effect of barriers 
against the implementation of maximum theoretical CHP capacity. As explained in Section 3.2 (see 
footnote 40), if these barriers are accounted for, the overall potentials could be reduced by half, resulting 
in global primary energy savings by CHP of 1.8 ± 0.1 EJ/yr and 0.65 ± 0.04 EJ/yr respectively. 
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Table 3-5: Additional theoretical CHP capacity for different countries and primary energy 
savings by CHP according to average approach for selected countries1 

 CHP 
Capacity in 
use (GWe)2 

Maximum 
theoretical CHP 
capacity (GWe) 

Additional 
theoretical CHP 
capacity (GWe) 

Primary energy 
savings (EJ/yr) Reference 

United States 
(2007) 25.3 37.9 12.5 0.4 EEA (2009) 

Japan (2006)3 5.7 11.8 6.1 0.2 JPCA 
(2009a) 

Germany 
(2006) 2.6 3.8 1.1 0.03 DeStatis 

(2007a) 
Netherlands 
(2006) 1.7 2.5 0.8 0.03 CBS (2009) 

Spain (2003) 0.6 2.6 2.0 0.07 IEA (2007) 
China (2005) 3.0 42.2 39.2 1.3 IEA (2007) 
Italy (2003) 0.7 2.4 1.7 0.06 IEA (2007) 
Russia (2004) 0.7 16.2 15.5 0.5 IEA (2007) 
Canada (2004) 1.7 2.1 0.4 0.01 IEA (2007) 
UK (2007) 1.2 2.7 1.5 0.05 BIS (2009) 
Brazil (2005) 0.7 3.6 2.9 0.09 EPE (2009) 
Total 44.1 127.7 83.7 2.7 - 

Note: These countries cover 77% of the global chemical and petrochemical sector’s power use as 
reported in energy statistics (IEA, 2008b;c). 
1 We apply a load factor of 8,000 hours that is assumed to be identical to the actual operation rate of 
chemical plants. However, this might not be the case in all countries, e.g., in USA where the annual 
operation rate is less than 7,000 hours (EEA, 2009). 
In order to convert from heat production to power generation, we apply a power-to-heat ratio (PHR) of 
1. In reality this ratio varies by country and depends on the type of cogeneration technology applied. 
While new combined cycle gas turbines would have such a high PHR, older technologies such as gas 
turbines have ratios as low as 0.25. Therefore by applying the PHR of 1, we assume that the current 
capacity will convert to newer CHP technologies. 
2 Years in brackets refer to the year, installed capacity data is recorded in. 
3 For year 2008, Japan Cogeneration Center reports a power capacity of 1.74 gigawatt electricity (GWe) 
for CHP systems installed in the chemical industry of Japan. Based on communication with industry 
experts, we know that this capacity excludes the boiler and generator systems and the capacity established 
in soda industry (JPCA, 2009a). According to this information, we correct the potential from 1.74 GWe 
to 5.7 GWe. 
 

We assume in our estimation that the sale of excess power is not limited44, 
even though, in reality, this is actually not the case in all countries we study. If the 
implementation of CHP were limited by the sector’s final electricity demand, the 
achievable savings would be only 0.40 ± 0.03 EJ/yr to 1.4 ± 0.1 EJ/yr (instead of 1.3 
± 0.1 to 3.5 ± 0.2 EJ/yr). 
 

                                                 
44 Power is sold if the CHP system supplies more power than it actually consumes (as reported in energy 
statistics). In this case, CHP sells the surplus production to third parties. 
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We showed in the previous section that the implementation of BPT enables 
final energy savings of 5.0 and 4.6 ± 1.1 EJ/yr based on top-down and bottom-up 
approaches, translating to primary energy savings of approximately 5.9 and 5.4 ± 1.3 
EJ/yr respectively. Energy savings by increased implementation of CHP are around 
half of this potential (1.3 ± 0.1 to 3.5 ± 0.2 EJ/yr). We estimate that 0.40 ± 0.04 EJ 
primary energy can be saved per year by increased recycling relative to landfilling. The 
saving potentials at the end of life of polymers are hence clearly lower compared to 
our saving estimates for CHP. 
 
3.3.3 Energy efficiency improvement potentials in other systems 
There are further opportunities for energy efficiency improvement in the area of 
electricity use and by improved process integration. While it goes beyond the scope of 
this chapter to study these options in detail, we make a first attempt to quantify these 
potentials. 
 

3.3.3.1 Electricity savings 
In order to estimate the electricity efficiency potentials, we first disaggregate the 
sector’s electricity use as reported in energy statistics by end-uses, e.g., motor systems, 
electricity use for electrolysis processes, etc. Secondly we estimate the saving potentials 
for the most important demand categories. According to De Almeida et al. (2000), 
70% of the chemical and petrochemical’s sector’s electricity use in Western Europe is 
consumed by motor systems, i.e., primarily by pumps, fans, compressors and other 
machine drive uses. The Manufacturing Energy Consumption Survey (EIA, 2009) 
reports a somewhat lower value for US chemical and petrochemical sector, i.e., 57% 
(for the activity level of 2002). According to (De Keulenaer, 2004), we assume an 
average share of 65% (based on the share of motor systems in the total manufacturing 
industry of EU-25). The remaining electricity use is mainly for the electrolysis of brine 
to produce chlorine and sodium hydroxide. We estimate that this process accounts for 
approximately 13% of the sector’s final electricity use worldwide (based on the global 
shares of the major process routes in 2005 according to WCC (2007), namely 
membrane (47%), diaphragm (33%) and mercury (20%), and the respective average 
SEC values in Europe for these processes according to IPTS/EC (2001)). The 
remainder electricity (22%) is used by other electrolyses and some electric arc 
processes as well as monitoring and control and non-process related categories such as 
lighting and other appliances in office buildings balance the total demand where we 
have no detailed further information on their end-use shares. 
 

For motor systems, we assume savings potentials of at least 25% due to the 
use of more efficient motors, variable speed drives and other systems optimization45 
                                                 
45 In comparison to IEA (2009a), in this chapter the savings in motor systems are corrected upwards 
from 20% to 25% based on de Keulenaer (2004) and IEA (2006). 
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(de Keulenaer, 2004; IEA, 2006). For the chlor-alkali industry, we assume that the 
entire sector will switch to the most efficient membrane electrolysis process (20% 
savings). For the remaining electricity demand categories, it is reasonable to also 
assume a saving potential of 20% (e.g., 15–25% savings for lighting according to Mills 
(2002)). To conclude, we expect a potential for electricity saving of approximately 
23% for the world and even higher for developing countries and some newly 
industrialized countries. This is equivalent to savings of at least 0.9 EJ/yr worldwide. 
 

3.3.3.2 Process integration 
According to Neelis et al. (2008), process integration can save 10–15% of all fuels in 
process industries. We determine the potentials of process integration by a 
conservative estimate assuming 5% additional savings (compared to BPT); this 
includes heat cascading, site integration, hydrogen pinch, batch process optimization 
and optimized integration of material flows (e.g., by using by-products as raw 
materials). This translates to savings of 1.3 ± 0.2 EJ/yr46. 
 
3.3.4 Summary of energy efficiency improvement potentials 
Adding up the components, we estimate the total energy savings at 11.1 and 10.8 ± 
1.6 EJ of final energy worldwide (for the activity level of 2006) based on the top-down 
and the bottom-up approach respectively. This translates to approximately 13.7 EJ 
and 13.3 ± 1.8 EJ in primary energy terms respectively (see Table 3-6 and Figure 3-1 
and Figure 3-2). These savings are equivalent to an improvement potential of 31% in 
comparison to the sector’s current final energy demand (35 EJ/yr). 
 
Table 3-6: Worldwide energy saving potential by means of BPT and other measures related to 

the chemical and petrochemical sector, 2006 (in EJ/yr) 
 Top-down approach Bottom-up approach 

Final energy Primary 
energy Final energy Primary 

energy 
BPT – Process heat1 5.0 5.9 4.6 ± 1.1 5.4 ± 1.3 
BPT – Electricity1,2 0.9 2.3 0.9 2.3 
Process integration1 1.3 1.6 1.3 ± 0.2 1.6 ± 0.3 
Recycling1 0.4 0.5 0.43 ± 0.04 0.51 ± 0.05 
CHP (Average approach) 3.5 3.5 3.5 ± 0.2 3.5 ± 0.2 
Total 11.1 13.7 10.8 ± 1.6 13.3 ± 1.8 
CHP (Marginal approach) 1.3 1.3 1.3 ± 0.1 1.3 ± 0.1 
Total 9.0 11.5 8.6 ± 1.4 11.1 ± 1.7 

1 We estimate primary energy savings assuming 40% average power generation efficiency and 85% steam 
production efficiency. 
2 No uncertainty ranges are provided because for electricity savings energy statistics were used. 
 

                                                 
46 In comparison to IEA (2009a), in this chapter the process integration potentials are slightly corrected 
upwards from 3% to 5% of savings compared to BPT based on Neelis et al. (2008). 
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Figure 3-1: Regional breakdown of final energy saving potentials by means of BPT and other 

measures related to the chemical and petrochemical sector according to the top-
down approach, 2006 (values represented by the bars refer to the y-axis on the left-
hand side, while the points refer to the y-axis on the right-hand side). Notes: We do 
not show any BPT energy saving potential for those countries with negative 
improvement potentials. CHP potentials are given in two bars. The lower bar section 
refers to the CHP energy savings if the marginal approach is applied, and the upper 
bar section refers to the additional CHP energy savings if the average approach is 
applied. Specific energy savings are estimated by dividing the total final energy saving 
potential by the cumulative production volume of HVCs, BTX, ammonia and 
methanol, i.e., basic chemicals produced from the first conversion of raw materials 
(adding up the production volume of these chemicals does not lead to any double 
counting) 
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Figure 3-2: Regional breakdown of final energy saving potentials by means of BPT and other 

measures related to the chemical and petrochemical sector according to the bottom-
up approach, 2006 (values represented by the bars refer to the y-axis on the left-hand 
side, while the points refer to the y-axis on the right-hand side). Notes: CHP 
potentials are given in two bars. The lower bar section refers to the CHP energy 
savings if the marginal approach is applied, and the upper bar section refers to the 
additional CHP energy savings if the average approach is applied. Specific energy 
savings are estimated by dividing the total final energy saving potential by the 
cumulative production volume of HVCs, BTX, ammonia and methanol, i.e., basic 
chemicals produced from the first conversion of raw materials (adding up the 
production volume of these chemicals does not lead to any double counting) 

 
3.4 Discussion of the results 
The results of the indicator analysis show significant differences between countries 
and the overall results point to uncertainties that concern both approaches, top-down 
and bottom-up. Our top-down approach may overestimate the improvement 
potentials, in particular for Japan, USA and Saudi Arabia. The results for USA seem to 
be confirmed by other industrial benchmark studies (North America requires on 
average about twice as much as energy compared to the most energy efficient plant in 
the world; Harmsen (2006); Keuken (2009)). Furthermore, EUI values larger than 1 
are found for China, India, Benelux and Korea. Negative improvement potentials (1 - 
EUI < 0) could be explained by limitations in the methodology and uncertainties in 
input data, e.g., technology data, statistics, affect the reliability of the EUI: 
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(i) The methodology and the average current SEC and BPT data do not 
account for energy integration by heat cascading47; the methodology 
neither takes energy efficiency improvements by CHP into account. As a 
result, the comparison of estimated process heat with the energy statistics 
is not fully consistent (in the top-down approach) as the latter reflects the 
current level of applied process integration, e.g., energy integration, and 
CHP. Due to complexity of the sector the current level of process 
integration achieved cannot be quantified. The CHP in energy statistics 
are subject to uncertainty since there is no internationally harmonized 
method to allocate fuel used in CHP plants to heat production and 
power48; 

(ii) Regarding technology data, BPT data represents the situation in Europe 
rather than the world (because data for the world were not available). 
This is also true for most of the average current SEC values that are used 
in the bottom-up approach. While this may explain negative 
improvement potentials for Korea (and in principle also for India and 
China), it is not a reason for Benelux; 

(iii) In international energy statistics, the scope of the chemical and 
petrochemical sector as opposed to the refinery sector is a source of 
uncertainty. By contrast to production statistics, which list all pure 
chemicals, including those produced at refinery sites (e.g., aromatics from 
aromatic plants or propylene from FCC), under the chemical and 
petrochemical sector, international energy statistics most likely report the 
energy use for the production of chemicals in refineries under the 
refinery sector. According to Weiss et al. (2008), the IEA oil 

                                                 
47 We mean by heat cascading that if a process uses high-pressure steam, this may be reusable as medium 
pressure steam and subsequently possible also as low-pressure steam. However, we do not distinguish 
various pressure levels in our analysis in and we do not have insight into the extent of heat cascading 
applied in the chemical and petrochemical sector. As a note of caution, heat cascading should not be 
confused with crediting potential steam export from exothermic processes. We account for this separately 
in our values (see Table 3-1). 
Besides steam import by heat cascading and from exothermic processes, steam could internally be 
generated by combustion of undesired hydrocarbons which are by-produced due to imperfect selectivity 
of reactions (so-called non-specs). These by-products generally have no/low market value and are too 
difficult to separate from the reaction mixture. Another source of steam is the combustion of post-
consumer waste, e.g., plastic barrels. Next to heat cascading, our methodology excludes the potentials of 
energy recovery also from these processes. Their inclusion would lead to lower estimates in our Bottom-
up approach. 
48 IEA questionnaires (IEA, 2009c) provide a methodology for partitioning fuel inputs utilized in CHP 
plants for co-production of electricity and heat. These questionnaires suggest that countries which have 
not already developed a methodology for the partitioning of fuel input to CHP should follow the IEA 
approach. This means that a given country applied makes its own methodological choice, i.e., there is a 
lack of harmonization. An example of a country that has its own methodology is Germany. It partitions 
the fuel input to CHP plants according to Finnish method (AGE, 2008) which deviates from the IEA 
approach. 
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questionnaires (IEA, 2009d) remain to some extent unclear in whether 
e.g., refinery aromatics are regarded as chemicals or as energy carriers. 
The IEA oil questionnaires (IEA, 2009d) are likely to follow an 
institutional sector definition (i.e., a company is either a refinery or a 
chemical company) instead of a technical sector definition. Refinery 
aromatics are thus likely to be regarded as energy carriers, which are 
reported under column of other oil products as non-energy use. Based on 
this consideration, Weiss (2010) argues there is thus strong indication that 
refinery aromatics are not accounted for in international energy statistics 
as memo-item: feedstock use, but under total non-energy use item (for 
industry/transformation/residential, including refineries). Such a 
reporting practice would lead to serious under-reporting of the chemical 
and petrochemical sector’s energy use and it would furthermore explain 
negative values. Also it distorts cross-country comparisons if the share of 
chemicals produced in refineries differs substantially in the countries 
studied. In order to correct for this error, it would be necessary to know 
the quantities of all chemicals produced in refineries and more detailed 
insight into country reporting practices (see also Appendix); 

(iv) Similar under-reporting of the sector’s energy use is apparent in 
international energy statistics for China for the amounts of coal used as 
feedstock for petrochemicals. While natural gas (used for production of 
ammonia and methanol) and oil are included under the memo-item 
feedstock use, coal does not appear to be; 

(v) Production data of most chemicals we use differs from those reported by 
industry associations and national production statistics49. This is due to 
the high complexity of the sector: Numerous multi-product processes are 
operated, for many chemicals more than one production process is 
employed, and there are complex material flows across sub-sectors 
potentially leading to double counting, but possibly also some are missed. 
However, differences in production data were shown to have low impacts 
over the coverage correction coefficient (see Appendix); 

(vi) There are several quality issues around the BPT data used. Details about 
the process type are often not available, but this is essential for the 
correct choice of the BPT value; 

(vii) Finally, we scale the estimated BPT energy use by a coverage correction 
coefficient which is identical for all countries (95%). However, more 
detailed analysis shows that this value is representative only for the 
worldwide sector and for number of countries (see Table 3-7) and for 

                                                 
49 We compare the default production data to (i) German national production statistics (DeStatis, 2007b), 
(ii) US production data published by American Chemistry Council (ACC) (ACC, 2009a) and (iii) Japanese 
production data provided by Japan Petrochemical Industry Association (JPCA) (JPCA, 2009b). 
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some it is not. In Appendix 3.A, detailed discussion on the coverage 
correction coefficient is provided for countries where alternative datasets 
were available for further analysis. 

 
Table 3-7: Country level coverage correction coefficients of 57 processes (66 chemicals) 

estimated according to bottom-up approach (excl. electricity), 2006 
 Estimated 

energy use 
(PJ/yr) 

Reported energy 
use (TFEU) 

(PJ/yr) 

Coverage 
correction 

coefficient (%) 
USA 5,172 6,412 81% 
China 5,364 4,301 125% 
Japan 1,786 2,053 87% 
Korea 1,450 1,416 102% 
Saudia Arabia 1,084 1,369 79% 
India 1,298 1,096 118% 
Germany 1,138 1,064 107% 
Benelux 1,115 1,004 111% 
Canada 791 776 102% 
Taiwan 670 736 91% 
France 587 627 94% 
Brazil 547 572 96% 
Italy 374 389 96% 
World1 29,558 31,529 94% 

1 The electricity use estimated by bottom-up approach for 57 processes amounts to 1,210 PJ/yr. When 
compared to reported electricity use in energy statistics (3,688 PJ/yr), this is equivalent to an electricity 
use coverage correction coefficient of 33% IEA (2009a). 
 

In conclusion, our top-down approach is subject to uncertainties and is no 
more than an indication of actual energy saving potentials. It is not robust enough to 
provide a basis either for target setting or for country comparisons or for ranking the 
countries with regard to their energy efficiency. Nevertheless it provides energy 
efficiency values in the right range. The new results presented in this chapter further 
develop and improve upon the analysis in previous IEA publications (IEA, 
2007;2008a), in particular due to improved BPT values (see Table 3-1) and the 
extended product range included. Furthermore, we apply the bottom-up approach as 
an alternative method. We acknowledge that its use offers currently limited additional 
insights, mainly due to the lack of country-specific average current SEC values for 
various processes. This approach provides sector’s energy efficiency improvement 
potential within uncertainty range of ± 25% (4.6 ± 1.1 EJ). Finally, it is an important 
step ahead made by this chapter that we pinpoint sources of uncertainty. 
 

A time-series analysis based on the bottom-up approach to estimate EUI for 
years before 2006 would be useful to quantify the energy efficiency improvements 
achieved in each country. As new data is collected, the analysis should also be updated 



69 Chapter 3 
 

 

for each year in order to improve and cross-check the findings of this chapter. This 
would help set meaningful sectoral targets. 
 

Internationally standardized methods are needed to accurately and 
consistently collect and process energy and production data, especially for those major 
(petro-) chemical manufacturing countries where no such systems exists. Such data are 
already collected for steam crackers, for the production of ammonia and of numerous 
organic (incl. polymers) and inorganic chemicals in the context of voluntary sectoral 
agreements or energy benchmarking projects (conducted by independent consulting 
firms). However, results are generally confidential and the regional coverage is limited. 
More effort is required to extend the coverage of these studies. Comparable country 
level analyses should be conducted: thus benchmarking could be the major decision 
making tool, not only given its importance for increasing industry performance, but 
also for defining sectoral targets, allocating emission rights and other possibilities 
related to climate change policies such as in the 3rd phase of the European Union 
Greenhouse Gas Emission Trading System (EU-ETS) (EU, 2010). Since such studies 
can complement the country level indicators presented in this chapter, future analysis 
should be a combination of both. 
 

Furthermore, it is recommended to study process integration, i.e., energy 
integration and integration of material flows. This requires site by site analysis and is a 
challenging task, but could be an interesting next step for future research. Similar 
analysis on chemical sites would also be useful for the analysis of the sector’s 
electricity use. 
 
3.5 Conclusions 
This chapter updated the earlier results of IEA indicators analysis with the activity 
level of 2006 as well as extending sector coverage and also revising the BPT 
assumptions. Two approaches were applied, namely ,top-down and bottom-up. The 
analysis via these two approaches is workable, but quality of the input data is critical 
and, in most cases needs to be improved. This especially concerns energy statistics, 
production data and SEC data both for the average current situation and for BPT. If 
successfully managed, this will provide the basis for improving and refining our 
approach, e.g., allowing separate analysis for process energy (without feedstock 
energy). Datasets collected in benchmarking studies can complement the analysis. 
Therefore we recommend that future analysis should be a combination of both. To 
conclude, a stronger collaboration is required between industry, associations and 
energy statisticians to establish methodologies and standards that are applicable 
globally. It is an important task for the chemical and petrochemical sector to catch up 
with the energy and CO2 methodology development and data collection currently 
undertaken by other sectors such as iron and steel and cement. 
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Appendix 3.A Coverage correction coefficient of the chemical and 
petrochemical sector 

The bottom-up calculations (see Table 3-7 in main text) showed that the coverage 
correction coefficient of different countries does not necessarily confirm the 
assumption of 95% which was globally applied in top-down approach estimations (see 
Section 3.4 in main text)50. In order to understand the possible reasons for this, we 
used independent datasets and we re-estimated the coverage correction coefficient. 
Data input from industry experts of the IEA and data collected in other projects made 
it possible to have alternative datasets for the following: 

• Production volume and product scope, 
• Energy statistics, 
• SEC values51 

 
As a consequence of data availability the analysis presented in this section is 

limited to Germany, USA, Japan, Korea and Belgium and the Netherlands (the latter 
two countries were studied together). It was not possible to receive or identify any 
independent data sources, leading to completely independent dataset for SEC values52. 
Therefore, another bottom-up model, the “PIE-Plus model” was used. The “PIE-Plus 
model was prepared in the context of a study conducted for the German Statistics 
Office. The model was applied to estimate the final energy use of the sector in the 
period from 1990-2003 (Saygin et al., 2008) and in a subsequent study, it was extended 
to estimate the final energy of the Basic chemical sector from 1995-2006 (Saygin and 
Patel, 2009; Saygin et al., 2012) (see Chapter 4). The model is capable of calculating 
the energy use of the chemical and petrochemical sector based on 134 chemicals and 
250 chemical processes by the multiplication of selected SEC values and the 
corresponding production volume of each process53. There are two major differences 
between the PIE-Plus model and the current analysis presented in the main text: 

                                                 
50 In the top-down approach a constant coverage correction coefficient (95%) was used for all countries. 
If country-specific values were applied, both the top-down and bottom-up approaches would be 
identical. They would also be independent from energy statistics. See Equations 3-1 and 3-2 in this 
chapter. 
51 For those basic chemicals which are major organic raw material consumers such as ethylene, methanol, 
ammonia, carbon black and carbides production, the individual SEC values account for both the specific 
feedstock use and fuel use. 
52 This includes additional data that differ from SEC values used for the regional differentiation of the 
five key processes in the bottom-up approach. 
53 Throughout this study, we refer to the newer version of the PIE-Plus model that contains more recent 
SEC datasets and which refers to the year 2006, making it comparable to current analysis presented in the 
main text. The difference between the two bottom-up calculations is that in the PIE-Plus model the 
production and feedstock energy use of refinery chemical products are exclusively outside the boundaries 
of the chemical industry, while the opposite is true for the analysis in the main text. Propylene FCC is an 
exception as its share that originates from refineries is available. In order to be consistent, we excluded 
this from IEA’s bottom-up analysis and for all countries we proceeded likewise. However, it is not 
possible to make the same distinction for those other chemicals that are product of both chemical and 
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• SEC values differ partly in system boundaries: this concerns in particular the 
steam cracking process where for HVCs the definition of Solomon Associates 
is used in the main text54. For less than half of the processes, the SEC values 
embedded in this model are identical with the values used for the calculations 
presented in the main text. For the remainder of processes, there are 
differences in the SEC values which largely contribute to the overall energy 
use (in most cases data shown in Table 3-1 and Table 3-2 in the main text is 
higher), 

• Feedstock energy use accounting: In the PIE-Plus model the feedstock use is 
estimated based on the quantity of raw materials input to the chemical 
production processes of those that are major consumers of organic raw 
materials55. This information was available based on the results of a carbon 
flow model that was applied to chemical industry of Germany56. In contrast, 
in the analysis presented in the main text, the feedstock is equivalent to the 
calorific value of the chemicals resulting from the first conversion of fossil 
fuels to chemicals. 

 
In the next sections we will apply the PIE-Plus model to Germany, USA, 

Japan, Korea and, studied together Belgium and the Netherlands.  
 

a) Results for Germany 
According to the top-down approach (see Table 3-4 in main text), the improvement 
potential estimated for Germany is 1.5% and according to the bottom-up approach, 
the coverage correction coefficient is estimated as 107% (see Table 3-7 in the main 
text). The validity of these results is further investigated by conducting the following 
analyses: 

                                                                                                                            
petrochemical sector and refinery sector - such as benzene. The inconsistencies are discussed in detail 
through out the main text. 
54 The definition of HVCs according to the PIE-Plus model includes the production of ethylene, and 
parts of butadiene, propylene, BTX which are produced from the steam cracking process. In contrast, the 
Solomon definition for HVCs includes ethylene, propylene, contained butadiene, contained benzene, 
acetylene and sold hydrogen (see main text). Depending on the definition of HVC, the SEC values must 
be multiplied with different product volume totals in order to arrive at the final energy use for steam 
cracking. As a further difference, we now separately account for the extraction of benzene (only its 
amount produced via naphtha extraction from the refineries), toluene and xylene. The extraction of all 
BTX is assumed to take place in the chemical and petrochemical sector, regardless whether the aromatics 
originate from pyrolysis gas (steam crackers) or from refineries. This is in line with the functional 
definition of the chemical and petrochemical sector in production statistics and in energy statistics. 
55 These are steam cracking process, ammonia, methanol, carbon black and carbides production 
processes. 
56 This model was developed for the EU-funded project “NEU-CO2” which was conducted in three 
phases and it was co-ordinated by Utrecht University, partly jointly with the Fraunhofer Institute for 
Systems and Innovation Research (Fraunhofer-ISI) (NEU-CO2, 2006). 
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• A first comparison was done based on the results obtained by the PIE-Plus 
model. Production data input to the PIE-Plus model was provided by 
German Statistics Office (on a confidential basis) and it includes the 
production volume of 123 chemicals of the basic chemical industry. These 
123 chemicals cover 98% of the current total final energy use of the sector 
(excluding electricity, but including feedstock) as reported in German Energy 
Balances (for year 2006; see first bar in Figure 3.A-1), 

• The influence of product coverage on the results needs to be understood 
better; therefore we downsized the PIE-Plus model from 123 chemicals to 
the 61 chemicals covered in the analysis presented in the main text57. These 
61 chemicals cover 93% of the total final energy use covered by the 123 
chemicals (for year 2006; see above). This is equivalent to 91% (=93%*98%) 
coverage correction coefficient when compared to reported total final energy 
use in German energy statistics (see second bar from left in Figure 3.A-1)58. 
In other words, 62 additional chemicals increase the coverage correction 
coefficient by 7 percentage points only (=98%-91%). Among these 62 
chemicals, only few involve energy-intensive processes. Selecting the 9 most 
energy-intensive ones allows us to increase the energy coverage correction 
coefficient by 5 percentage points59. Therefore, if the 61 chemicals of the 
analysis presented in the main text were extended by these 9 chemicals the 
coverage correction coefficient would increase from 91% to 96% (this 
coverage for a total of 70 chemicals is shown as third bar in Figure 3.A-1). All 
the coverage correction coefficients estimated up to now are based on the 
production volumes and energy statistics prepared at national level and are 
subject to uncertainties contained in the respective data; in addition, the SEC 
values used are uncertain (some of these data might be outdated and 
therefore the total final energy use is overestimated), 

 

                                                 
57 Some chemicals included in the analysis presented in the main text are not part of the PIE-Plus model, 
as for year 2006, German Statistics Office was able to provide confidential production data for the Basic 
chemical industry only (24.1 according to NACE Revision 1.1 in PRODCOM Product Classification), 
but not for the sector as a whole (24). To ensure a comparable analysis, the following chemicals are 
excluded: ethanol, MTBE and synthetic fibers, namely acrylic, nylon and polyester fibers. In production 
and energy statistics, these chemicals belong to other sub-sectors of the chemical industry (24.2-24.7). 
This step reduces the total number of chemicals from 66 to 61. 
58 When the entire IEA Product list (with production data from SRI) is input to PIE-Plus model (which 
include process datasets for number of sub-sectors of chemical industry (24.1-24.7), the coverage is re-
calculated as 85% instead of 91%. Although the number of chemicals is slightly higher, the coverage is 
less than 91%. This is an indication that the overall quantity of production volumes reported in the 
national production statistics of Germany is most likely higher than those of SRI. 
59 9 additional chemicals are: acrylic acid, aluminium hydroxide, bisphenol A, hydrogen peroxide, 
polyamide (6 and 66 are counted as one single product), polysulfone, potassium chloride, potassium 
sulphate and propylene glycol. 
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A final analysis was done by keeping all parameters of the analysis in the main 
text identical, with product scope being the only exception. It is downsized 
from its original list of 66 chemicals to 61 so that the number of chemicals is 
equivalent to the downsized PIE-Plus model. Condensing the product scope 
enables identical number of products to be covered in both analyses, 
however, the system boundaries and the background data of the analyses are 
different (see above). Compared to IEA energy statistics, the estimated 
coverage correction coefficient of the analysis in the main text is re-estimated 
as 101%60 (see far right bar in Figure 3.A-1). This is an alarming result and it 
is higher than the coverage correction coefficient estimated based on same 
number of products using the data prepared at national level (i.e., 91% 
coverage or, 85% coverage with SRI production data)61. A number of 
possible reasons are already listed in the main text of the chapter to explain 
coverage correction coefficients beyond 100%, but they are insufficient to 
justify the large differences compared to the results of the PIE-Plus model. 
Further explanations are: (i) estimated quantities of feedstock based on 
different methodologies differ, and (ii) the SEC values in the analysis in the 
main text are higher than the values in PIE-Plus model. 

 
 
 

                                                 
60 If refinery products, i.e., propylene from FCC plants and other chemicals, are added to the nominator, 
the coverage increases by 6 percentage points to 107%. 
61 As a further variation, the results could be compared to IEA energy statistics instead of the German 
Energy Balances; however, only minor differences exist in the total final energy use reported. 
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Figure 3.A-1: Coverage correction coefficient of the German chemical and petrochemical sector 
using different datasets for production and SEC. Note: When the entire product 
scope of the analysis presented in the main text (with production data from SRI) is 
inserted in the PIE-Plus model, the coverage is re-calculated as 85% instead of 91% 
(relative to actual energy data reported by IEA energy statistics). 

 
The overall conclusions are: 

• As a general conclusion, the results of the PIE-Plus model show that 61 
chemicals cover the major part of the energy use of the Germany’s chemical 
and petrochemical sector. Given the similar structure of the chemical and 
petrochemical sector across the globe, the current selection of product scope 
is expected to represent a similarly high coverage also in other countries (we 
will analyze below whether this is the case), 

• The initial hypothesis of coverage correction coefficient (95%) is not 
confirmed according to the PIE-Plus model; according to the analysis in the 
main text for 61 chemicals: model results point to a coverage correction 
coefficient between 85% and 91% (see above), and the analysis in the main 
text points to 101% (marginal over-coverage), 

• Results of this analysis indicate a coverage correction coefficient within a wide 
range between 85% and 101%. Given this wide range, the selection of a single 
correct value is not straightforward. However, the current assumption of the 
coverage correction coefficient is within the boundaries and even though it is 
on the higher side, is acceptable. 
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b) Results for United States 
According to the results of the top-down approach, highest energy efficiency 
improvement potentials exist in the United States (24.4%). Compared to all other 
countries, estimated coverage correction coefficient by the bottom-up approach is the 
second lowest (81%). The following analyses are conducted to gain insight into these 
results: 

• The following production data was inserted to the PIE-Plus model: 
o Production data provided by SRI62 (first two columns in Figure 3.A-2 

denoted with two degrees of grey), 
o Production data provided by ACC (ACC, 2009a) covering 100 

chemicals out of which 63 was available in the PIE-Plus model63 
(third and fourth columns from the left in Figure 3.A-2 denoted with 
dotted fill), 

o Production volume of the most important 180 chemicals (in terms of 
production volume) of the US chemical and petrochemical sector 
according to ACC (for year 2001 only) (ACC, 2009b). Due to the 
limitations in the product scope of the PIE-Plus model, analysis was 
possible for 93 chemicals only (fifth and sixth columns from the left 
in Figure 3.A-2 denoted with diagonal fill), 

• The above results are compared to the results of the analysis in the main text 
(two far right columns in Figure 3.A-2 denoted with squared fill) 

 
The coverage correction coefficient is estimated by dividing each analysis 

result separately by the energy statistics reported to the IEA and by ACC for the year 
2006. However, differences exist between the two energy statistics (ACC, 2009a; IEA, 
2008b). Although the total reported fuel and power consumption values are similar, 
differences are visible when feedstock and power use values are compared64. Reported 
feedstock and electricity values show a difference of 735 PJ/yr and 350 PJ/yr 
respectively; IEA being on the higher side. The difference between the total final 
energy use amounts to 790 PJ/yr; once more IEA being on the higher side. Total 
difference amounts to 7% of the total final energy use reported in IEA energy 
statistics in 2006 (including feedstock use, but excluding electricity consumption). The 

                                                 
62 As the refinery products are excluded from the system boundaries of PIE-Plus model e.g., propylene 
from FCC, it is also excluded from this analysis. Therefore the number of processes covered is reduced 
by one, to 56 processes, but the number of products remains identical. 
63 Dataset covers the period from 1989 until 2007 where year 2006 was chosen. The chemicals provided 
by ACC (63 chemicals in 2006) sometimes differ from those provided by SRI (66 chemicals). It does not 
necessarily mean that the original SRI data covers the product list of ACC only because higher number of 
chemicals is accounted for in SRI. In the two datasets, there are some minor differences; ACC accounts 
for more inorganic chemicals, but less for intermediates. Nevertheless, both datasets account for a 
considerable share of the chemicals production which the production processes are energy-intensive. 
64 The difference in electricity use is shown to indicate the degree of inconsistency between the two 
energy statistics. 
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difference is 5% for 2001. The stacked bar diagram compares the results of the four 
analyses (see Figure 3.A-2). 
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Figure 3.A-2: Coverage correction coefficient of the US chemical and petrochemical sector using 
different datasets for production and specific energy consumption. Note: All the 
values depicted in the figure exclude the energy use of the refinery products. We 
analyzed the effect of the refinery products for the two far right columns. The 
coverage correction coefficient increased by eight percentage points to 82% and 
88% compared to estimates based on IEA and ACC energy statistics respectively (we 
do not show the results of this additional analysis).  

 
Overall conclusions are: 

• The total differences in the energy statistics influence the coverage correction 
coefficient by 3 to 6 percentage points. As reported energy use in IEA energy 
statistics is higher compared to ACC energy statistics, coverage correction 
coefficient estimated based on IEA energy statistics is lower, 

• When production data was altered, only minor changes were observed in the 
coverage correction coefficient. The possible differences in production 
volume cancel each other out when data is aggregated, 

• Based on PIE-Plus model results, raising the number of chemicals from 66 to 
93 (based on ACC data), i.e., addition of 27 chemicals, resulted in a 7 
percentage point increase in the coverage correction coefficient. This 
confirmed the conclusion reached for Germany. On average each additional 
product contributes approximately 0.3 percentage point to the coverage, 

• Applying different SEC values influences the estimated coverage correction 
coefficients. The effect is up to 20 percentage points (difference between the 
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very left two and the very right two columns Figure 3.A-2). The magnitude of 
the difference is higher than in Germany, 20 vs. 10-15 percentage points. 

 
We now break the results down into components and study the chemical 

processes which are the major feedstock consumers, namely ammonia, methanol, 
steam cracking (ethylene, propylene, butadiene-contained and benzene-contained), 
aromatics extraction, butadiene extraction and butylene production. In the analysis 
presented in the main text, for each of these processes a feedstock65 value and a 
process energy use value are assigned. It is assumed that all of these processes are 
produced within the boundaries of the chemical industry. Unlike this approach, PIE-
Plus model determines the feedstock energy and process energy on the basis of raw 
material quantities that are input to each process, namely steam cracking and the 
production of ammonia, methanol, carbon black and carbides (if relevant). PIE-Plus 
model ensures that exact quantities of organic raw material input to the chemical 
processes which are covered under statistical definitions of the chemical industry is 
accounted for. On the other hand, it is hardly possible to distinguish between 
products that are produced within the boundaries of the chemical industry and those 
which originate from refineries by the analysis in the main text. For example, 
quantities of propylene production from steam cracking and from FCC units are 
known; however, it is not possible to distinguish between the extracted quantities of 
aromatics from catalytic reforming units in petroleum refineries. Thus all feedstock 
use consumed by chemicals produced in the chemical industry/refineries are included 
in the analysis in the main text, possibly leading to a higher coverage (but most likely 
an artificial one). 
 

The difference between the 74% and 56% coverage translates to 1,200 PJ/yr 
of which 870 PJ/yr is the difference of the energy use of the production processes 
discussed above. The difference in coverage correction coefficients of US is much 
higher than that of Germany because of the type of fossil fuels that are consumed as 
feedstock. In US, more than one-third (38%, on weight basis) of steam crackers 
operate based on ethane. Ethane based steam crackers have high ethylene yields (95% 
of all high value chemicals, on weight basis), and very little other high value by-
products. In comparison, naphtha steam crackers that dominate the capacity in 
Germany (78%) have high yield of all other high value chemicals (50%, on weight 
basis). As a result, the production of non-ethylene high value chemicals possibly 
originates from the petroleum refineries. This gives rise to higher feedstock 
consumption by refineries. However, the analysis in the main text does not distinguish 
these aspects and the method is applied without considering such circumstances. 
 

                                                 
65 Feedstock use of a process is equivalent to the calorific value of the final product on a LHV basis. 
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From the above analysis, we conclude that the coverage correction coefficient 
of 95% as used by the top-down approach is too high since 66 chemicals cover only 
between 74 and 80% of the total final energy use of the chemical and petrochemical 
sector in US. Possible reasons that may explain the low coverage are: 

• Recalling from the main text of the chapter, benchmark studies showed that 
North America is less efficient than Europe (Keuken, 2009). If so, SEC 
values that represent Western Europe cannot reflect the circumstances of the 
chemical and petrochemical sector of US, resulting in a low coverage. In 
other words, high improvement potentials estimated by the top-down are 
confirmed, 

• The energy use of some chemicals that are actually outside the statistical 
boundaries of the chemical and petrochemical sector are reported under this 
sector; some examples could be commodities such as lime, aluminium oxide, 
etc., 

• It is possible that the energy use of US chemical and petrochemical sector is 
not well represented by 66 chemicals. This means that US chemical industry 
produces certain types of energy-intensive chemicals that are unique to the 
region’s demand or to its export interests. However, this was not verified by 
broadening the product scope with other top chemicals according to ACC as 
it did not avoid the estimation of a low coverage. 

 
c) Results for Japan, Korea, Belgium and the Netherlands 

JPCA (JPCA, 2009b) provided IEA with production volume data for the 51 
chemicals. In the case of Korea, industry experts provided production volume for a 
total of 49 chemicals. The production volume datasets for Belgium and the 
Netherlands were estimated based on capacity data collected from publicly available 
sources that refer to year 2006 (to the extent possible), otherwise data for years that 
refer to 2000s were used. Data gaps due to limitations on the availability of production 
volume data from external sources were filled with original data provided by SRI. 
 

These data are inserted in to the analysis in the main text as an alternative 
production dataset. Additional set of analyses were conducted with the PIE-Plus 
model based on same production data and separately with the SRI production. 
Estimated coverage correction coefficients were compared with the estimates of the 
analysis in the main text. We provide a summary of the results in Table 3.A-1. 
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Table 3.A-1: Coverage correction coefficient matrix of the chemical and petrochemical sectors of 
Japan, Korea and Belgium and the Netherlands in comparison to Germany and US, 
20061 (all data expressed in %)  

 
Germany1,2 US1,2 Japan Korea 

Belgium and 
the 

Netherlands 

Production 
volume dataset SRI DeStat

is SRI ACC SRI JPCA SRI Industry 
experts SRI 

Publicly 
available 
sources 

To
ol

s 

PIE-Plus 
model 85 92 56 56 60 62 69 67 82 81 

Analysis 
in main 
text 

101 N/A 74 N/A 87 93 102 91 111 108 

1 See Figure 3.A-1 (Germany) and Figure 3.A-2 (US). 
2 Values exclude the energy use of the production of refinery products (i.e., propylene from FCC and 
estimated total final energy use is compared to IEA energy statistics). 
 

d) Further analysis on high value chemicals and feedstock use accounting 
Our analysis showed that when PIE-Plus model and the analysis presented in the 
main text is repeated with production data from different sources, there were only 
minor changes in the coverage correction coefficient:  between 3 to 11 percentage 
points. Largest difference is for Korea, where the coverage is reduced by 11 
percentage points compared to the estimate of the analysis in the main text. 
 

Table 3.A-1 shows significant differences between coverage correction 
coefficients that reach 30 percentage points when same production dataset is applied 
to different tools. Similar to the results of Germany and especially US, PIE-Plus 
model covers much less energy use of the sector; highest differences are observed for 
Korea and Japan. Contrary to the conclusion drawn for the case of US, this is an 
unexpected result for these two countries since the entire steam cracking capacity runs 
based on naphtha. Thus, differences are expected to be in the same range of 
Germany. This indicates that besides steam cracking based production, there is also a 
considerable amount of propylene and aromatics production from petroleum 
refineries in Japan and Korea. This is tested by using the ultimate yields of steam 
crackers per feedstock type as given by Neelis et al. (2005). Ethane, propane and 
butane fed steam crackers yield no aromatics, little butadiene and have high yields of 
ethylene and propylene. Naphtha and gas oil yield a mixture of high value chemicals 
with ethylene dominating, but also with high shares of propylene, butadiene and 
aromatics. Table 3.A-2 displays the estimated shares of quantities of ethylene, 
propylene, butadiene and aromatics production from steam crackers. These shares are 
estimated by comparing the quantities of steam cracking production to the total 
production of each of these products (including shares from refineries and other 
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routes) as reported by SRI. The remaining quantities (i.e., shares below 100%) are 
expected to be supplied by other process routes (e.g., refineries).  
 

Since feedstock energy for high value chemicals production other than the 
steam cracking process is excluded from the PIE-Plus model, in regions where low 
shares are estimated (see Table 3.A-2), PIE-Plus model also estimates a low coverage. 
This is the case for all countries, but values in cells highlighted with italics point to 
even larger differences between the coverage correction coefficients estimated by the 
analysis in the main text and the PIE-Plus model. This is a consequence of: (i) 
discussed in detail in previous section, steam crackers that operate with gaseous 
feedstock where propylene and aromatics yields are much less compared to ethylene 
and (ii) regions that establish high production of aromatics due to large refinery 
capacities66. 

 
As a result, the assumed coverage correction coefficient of 95% may not fully 

apply to neither of these countries. Results show that, Japan, Korea and Belgium and 
the Netherlands have coverage values in the range of 90 to 105% (over-coverage) 
(based on the analysis in the main text) or much lower when PIE-Plus model is 
applied. 
 
Table 3.A-2: Share of steam cracker output over the total production of high value chemicals, 

2006 (all data expressed in %) 

 Germany US Japan Korea Belgium and the 
Netherlands 

Ethylene1 100 100 100 100 100 
Propylene 72 41 63 74 56 
Butadiene 104 110 118 113 1662 

Aromatics 58 17 20 16 43 
1 It is assumed that all ethylene is produced from the steam cracking process. 
2 Although naphtha based steam crackers have high butadiene yields, it is possible that steam crackers 
operating in Belgium and the Netherlands have relatively lower yields. Regardless of such exceptions, 
when all countries are studied shares of butadiene production from steam crackers seems to be over-
estimated. 
 

e) Conclusions 
The analysis on the coverage correction coefficients shows that there is no single 
correct value for each country that can be applied throughout this analysis, but 
depending on collected production volume, selected SEC values and the system 
boundaries of processes, coverage correction coefficients can largely vary. When 
                                                 
66 According to the 2008 Worldwide Refining Survey (OGJ, 2008), top producers of refinery based 
aromatics (according to the definition, aromatics are: BTX, hydrodealkylation, cyclohexane and cumene) 
are United States, Japan and Korea which make up 60% of total production capacity worldwide. On the 
other hand, they account for less than one third of the crude charge capacity of the refineries operated 
worldwide. 
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production volume and the SEC values of processes (excl. the effect of feedstock) 
were adapted, there are small differences in coverage correction coefficient (when 
process and feedstock energy are combined67). The same applies to when results are 
compared to energy statistics prepared at national and international level (also 
excluding the effect of feedstock, i.e., the process and feedstock energy are combined). 
We arrive at a ±15 percentage points on the assumed coverage correction coefficient 
of 95% when parameters are altered. 
 

In contrast, different accounting approaches used for the estimation of 
feedstock quantities have substantial consequences over the coverage correction 
coefficient by up to ±30 percentage points. It is clear from the results of the analysis 
that a share of the feedstock input to refinery processes that is embedded in chemical 
products are accounted for, but the extent is actually not so clear. It is also ambiguous 
how this is accounted for and whether, at all, the methodology applied is consistent 
across countries. As a conclusion, this adds as a potential factor to over-coverage 
estimated for some countries. Exclusive to US, the analysis issues a number of matters 
that calls for improvement on the clarity of: (i) applicability of Western Europe SEC 
values to US, (ii) reporting of energy use of individual products to energy statistics, 
and (iii) the sufficiency of the product scope selection. Although the impacts of these 
parameters over the coverage correction coefficient were less visible than for the other 
countries, similar uncertainties may still apply. As a next step, it is also useful to 
analyze the changes in coverage correction coefficients when feedstock and process 
energy are separated since feedstock energy accounts for a large share of the sector’s 
energy use.  
 

To conclude, the system boundaries of energy statistics and quality of the 
surveyed data are too uncertain to arrive at a single coverage correction coefficient 
value which could be applied for all countries. This limits the application of the top-
down approach where a single value for all countries is used. Therefore results are less 
plausible based on this approach. If data quality and availability could be improved, 
bottom-up approach could prevail as a strong methodology to estimate energy 
efficiency improvement potentials in the chemical and petrochemical sector and for 
country comparisons with regard to energy efficiency. 
 
Appendix 3.B Uncertainty analysis 
In this part we provide a detailed explanation of the uncertainty analysis. We applied 
an error propagation analysis which was applied for the bottom-up approach only. 
 

                                                 
67 Saygin et al. (2012) show that when feedstock and process energy are separated, the difference between 
the coverage could be much higher (i.e., by a factor of two). 



83 Chapter 3 
 

 

The uncertainty analysis explained in this chapter is identical to the methodology 
explained and applied by Saygin et al. (2011) (see Chapter 2). According to the bottom-
up approach, the improvement potential is equivalent to 1 – EUI where EUI is 
estimated based on Equation 3.A-1 (identical with Equation 3-2 in the main text): 
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where EUIj is energy use indicator of country (or region) j, SECi,j (GJ final energy per 
tonne of output) is the average current specific energy consumption of process i in 
country j, BPTi (GJ final energy per tonne of output) is the specific energy 
consumption of the best practice technology of process i, P is the total physical 
production volume of process i in country j (Mt/yr). Based on Equation 3.A-1, 
improvement potentials could be expressed as: 
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Each component of Equation 3.A-2, namely BPTi, SECi,j and Pi,j, has its own 

absolute uncertainty given as δBPTi, δSECi,j and δPi,j. For BPTi and SECi,j, we assume 
the uncertainty ranges based on the quality of the data source (content of the 
publication and year data refers to) and its representativeness for the studied regions. 
The following assumptions were made for the average current SEC and BPT data: 

• in the bottom-up approach, for five products, regional average current SECs 
were used. The uncertainty ranges for these products are assumed to range 
between ±10% to ±25% (see also Saygin et al. (2012)), 

• for others: 
o if data is provided based on Europe benchmark studies (Schyns, 

2006), then we used an uncertainty interval of ±10% (since at least 
for Europe data is representative and it originates from benchmark 
curves), 

o for industry sources (including those prepared at national/regional 
level, e.g., European Commission documents), we use an uncertainty 
interval of ±25%, 

o for generic industry sources, old sources (e.g., Chauvel and Lefebvre 
(1989)) and for data generated based on assumptions (i.e., average 
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current SEC is assumed to 20% higher than BPTs), we use an 
uncertainty interval of ±40%. 

 
For production data, we use a relative uncertainty of ±10%. These ranges are 

also confirmed by Weiss et al. (2008) where they assume ±10% uncertainty range for 
production data generated based on global capacity surveys of chemicals and refinery 
products68. 
 

By using the above uncertainty intervals of each component, we apply the 
standard error propagation rules (assuming that all data has a normal distribution) to 
quantify the total uncertainties in the improvement potentials estimated by the 
bottom-up approach. 
 

The absolute uncertainty of the numerator of Equation 3.A-2 (δNum) is 
estimated according to Equation 3.A-3: 
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The absolute uncertainty of the denominator of Equation 3.A-2 (δDen) is 

estimated according to Equation 3.A-4: 
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Then, the absolute uncertainty in improvement potentials according to 

Equation 3.A-2 (=1-Num/Den) is estimated according to Equation 3.A-5: 
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In our view it would not be sensible to conduct an uncertainty analysis for the 

top-down approach due to large uncertainties in the international energy statistics. 

                                                 
68 As our analysis show (see Appendix 3.A), there are only minor differences in the estimated coverage 
correction coefficients when production data from SRI and other independent sources were used. We 
achieve results at similar range in our case study for Germany (Saygin et al., 2012): we show that the use 
of production data prepared by SRI and Germany’s national statistics office leads to only minor 
differences in the estimated coverage correction coefficient (9 to 12%) for process energy (i.e., fuels and 
steam use). 
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Given the fact that process and feedstock energy are not separable (due to 
inconsistent application of non-energy use definitions across countries (Weiss et al., 
2008)) and the very large uncertainties in each of these items (e.g., no electricity use 
was reported for India or Saudi Arabia (IEA, 2008c)) we cannot quantify the related 
uncertainties. We have explained these in the chapter (see Section 3.4 of the main text 
of the chapter). 
 

Although it is beyond the scope of this research, we still find it useful to 
propose the next steps to quantify the uncertainties in the energy statistics: 

• The uncertainties in feedstock energy use could be estimated by a material and 
energy (or carbon) flow analysis of the chemical and petrochemical sector 
(based on heating value of each product) for individual countries. A simplified 
version of such analysis was conducted by Weiss et al. (2009), 

• In a similar manner, based on company (or benchmark) surveys total final 
process energy use of the chemical and petrochemical sector needs to be 
calculated (by multiplying the specific electricity, heat, and fuel consumption 
with production data, both collected at individual plant level). However, such 
benchmark surveys are subject to confidentiality agreements, therefore energy 
and production data is not publicly available (Saygin et al., 2011). If such a 
survey could be conducted for the most important chemicals (at least with 66 
chemical products selected in this chapter), process energy use data could be 
checked with the reported data in energy statistics (assuming with 66 products 
a large share of the sector’s energy use is covered). 
 
Based on individual plant data, equipment used for steam production would 
also be needed (e.g., stand-alone steam boilers, CHP, waste gas, heat 
cascading, etc). By using such information, it is expected that the estimated 
energy use of the sector would be lower compared to our analysis presented 
in the main text (our SEC data does not distinguish between the sources of 
steam). This is particularly an issue for countries where the coverage 
correction coefficient is higher than 100% (see Section 3.4 of the main text of 
the chapter), 

• The uncertainties in energy statistics could also be checked by comparing 
reported energy use in the energy statistics prepared at national and 
international level. Such an analysis would need to be done for each energy 
carrier. An example of such a cross-check for the case of the Netherlands was 
carried out by Neelis and Pouwelse (2008). In our other study Saygin et al. 
(2012), we show that there are substantial differences in heat use and the 
consumption of petroleum products in Germany’s submission of Energy 
Statistics to the IEA compared to the German Energy Balances (prepared by 
national organizations). Total difference is equivalent to more than 20% of 
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the total process energy use of Germany’s chemical industry in 2006 
according to German Energy Balances. This difference could explain why the 
coverage correction coefficient is estimated at a value higher than 100% for 
Germany according to the main text. Based on similar comparisons, the 
uncertainties in international energy statistics could be estimated. 
Improvements in reporting of sector’s energy use to energy statistics could 
also be checked by a time-series analysis based on the bottom-up approach. 
This could also help to estimate the uncertainties in energy statistics and 
could provide a cross-comparison of energy efficiency in different countries 
over a time-series. 
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4 Long-term energy efficiency analysis requires solid energy 
statistics: The case of the German basic chemical 

industry69 
 

Deger Saygin, Ernst Worrell, Cecilia Tam, Nathalie Trudeau, Dolf J. Gielen, 
Martin Weiss, Martin K. Patel 

 
Abstract 
Analyzing the chemical industry’s energy use is challenging because of the sector’s 
complexity and the prevailing uncertainty in energy use and production data. We 
develop an advanced bottom-up model (PIE-Plus) which encompasses the energy use 
of the 139 most important chemical processes. We apply this model in a case study to 
analyze the German basic chemical industry’s energy use and energy efficiency 
improvements in the period between 1995 and 2008. We compare our results with 
data from the German Energy Balances and with data published by the International 
Energy Agency (IEA). We find that our model covers 88% of the basic chemical 
industry’s total final energy use (including non-energy use) as reported in the German 
Energy Balances. The observed energy efficiency improvements range between 2.2 
and 3.5% per year, i.e., they are on the higher side of the values typically reported in 
literature. Our results point to uncertainties in the basic chemical industry’s final 
energy use as reported in the energy statistics and the specific energy consumption 
values. More efforts are required to improve the quality of the national and 
international energy statistics to make them useable for reliable monitoring of energy 
efficiency improvements of the chemical industry. 

                                                 
69 Published as slightly adapted version in and partly based on the article entitled “Potential of best 
practice technology to improve energy efficiency in the global chemical and petrochemical sector” © 
OECD/IEA 2011 and on the IEA Information Paper entitled “Chemical and Petrochemical sector: 
Potential of best practice technology and other measures for improving energy efficiency” © 
OECD/IEA 2009 Energy 44 (2012), pp. 1094-1106 © OECD/IEA and Elsevier 2012. Reproduced with 
permission from OECD/IEA and Elsevier. 
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4.1 Introduction 
The chemical industry is the largest industrial energy user, with a worldwide final 
energy consumption of 36.2 exajoules (EJ) (including non-energy use (NEU)) in 2008 
(IEA, 2010a). This is equivalent to 30% of the worldwide final energy use of industry 
and 10% of the final energy use of the worldwide economy. Several studies have 
analyzed the historical energy use of the chemical industry (Gielen et al., 1999; Worrell 
et al., 1994;2000; Neelis et al., 2007a;b;c; Phylipsen et al., 2000; Saygin et al., 2008; 
IEA, 2009a; Saygin and Patel, 2009; Roes et al., 2010) and its future energy efficiency 
potentials (IEA, 2009a; Neelis et al., 2007b). These studies provide quantitative 
information about the physical activities of the chemical industry, in particular, the 
processed quantities of raw material and/or feedstock, material and trade flows, 
output and the energy use at country or regional level. However, detailed information 
about the energy use in the sub-sectors of the chemical industry as well as their 
products is generally limited to the most important organic bulk chemicals (e.g., 
ethylene, propylene, aromatics, and their derivatives), selected polymers (e.g., 
polyolefins, polyethylene terephthalate, polystyrene) and a few inorganics (e.g., 
ammonia, chlorine)70 (Neelis et al., 2007a; IEA, 2009a). It is a shortcoming of 
essentially all energy efficiency analyses for the chemical industry that only a small 
share of all products and processes are covered and then considered to be 
representative for the entire sector. Studies that quantify energy efficiency potentials 
often assume that all processes of the chemical industry use best practice technologies 
(BPTs) in the short-term (e.g., IEA, 2009a), or that processes reach the theoretical 
minimum energy requirements (e.g., Neelis et al. 2007b). Optimization models (e.g., 
MARKAL, PRIMES) (ETSAP, 2011; E3M LAB, 2011) typically allow to study the 
diffusion of energy efficiency technologies depending on their economic viability. The 
most apparent uncertainties when quantifying the chemical industry’s energy use in 
bottom-up models originate from the quality of chemicals production data as reported 
in production statistics and data on the specific energy consumption (SEC) of the 
various production processes. We find that energy use data as reported in energy 
statistics are typically subject to substantial uncertainty. Uncertainties in production 
statistics and SEC values are quantified and discussed by Neelis et al. (2007c), 
International Energy Agency (IEA) (2009a) and Saygin et al. (2011a) (see Chapter 2). 
Neelis and Pouwelse (2008) provide a detailed discussion of the data quality of energy 
statistics prepared by national statistics offices and Weiss et al. (2008a) similarly discuss 
the quality of data prepared by the IEA based on country submissions. Data 
uncertainties entail limitations for the analysis of the energy use in the chemical 
industry as it was identified for Germany (Saygin and Patel, 2009) and Netherlands 
(Roes et al., 2010). However, a more accurate and reliable analysis of the energy use 
and the realized energy efficiency improvements in the chemical industry is essential, 
                                                 
70 Out of thousands of chemical products produced, Neelis et al. (2007a) and IEA (2009) study a total of 
52 and 66 chemicals respectively. 
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particularly for two reasons: (i) to evaluate the effectiveness of current energy policies, 
and (ii) to formulate targets for reducing industrial energy use and greenhouse gas 
(GHG) emissions in the short- to long-term. The aims of this chapter are therefore: 

(i) to estimate the energy use of the German chemical industry by an 
advanced bottom-up model (PIE-Plus) for the base year 2000, 

(ii) to use these bottom-up estimates to quantify the annual energy efficiency 
improvements achieved in the German chemical industry between 1995 
and 2008, 

(iii) to discuss the quality of the input data and the results of this analysis by 
comparison with the data used in the PIE-Plus model and from other 
similar studies. 

 
We choose Germany as a case study because this country operates the largest 

chemical industry among the 27 European Union countries (EU-27), accounting for 
25% and 6% of the chemical industry’s turnover in the EU-27 and worldwide, 
respectively (CEFIC, 2011). Similarly, the German chemical industry accounts for 
22% and 4% of the total final energy use of the chemical industry in the EU-27 
countries and worldwide, respectively (IEA, 2010a;b). Next, we explain our research 
methodology and give an overview of the input data. In Section 2.3 we present the 
results of the bottom-up model (PIE-Plus). In Section 3.4, we critically discuss the 
quality of input data and the uncertainties in our estimates. We finalize this chapter 
with conclusions and recommendations for further research. 
 
4.2 Research methodology and input data 
In the present study, we extend the product scope of the PIE -Process Industries-
Inventory Energy Use - model which was developed to analyze the chemical 
industry’s energy use by a bottom-up approach (Neelis et al., 2003a;2007a;b). We refer 
to the extended PIE model as the PIE-Plus model. We apply the model to analyze the 
energy use and energy efficiency improvements achieved in the German chemical 
industry in the period between 1995 and 2008. 
 

The PIE model was originally developed to assess the energy use of the 
chemical industry in the Netherlands, Western Europe and the world for the year 
2000 (Neelis et al., 2007a;b). We adapted the model to the German chemical industry 
by (Saygin et al., 2008): (i) extending the product scope from 53 key chemicals to a 
total of 139 and (ii) adapting the model structure to allow a time-series analysis for ex 
post and ex-ante evaluations of energy efficiency. 
 

For each of the 139 chemicals (see Appendix 4.A), we obtain historical 
production data from quarterly production statistics published by the German 
Statistics Office (DeStatis) (DeStatis, 1995-2008). In these production statistics, data 
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for 110 out of the 139 chemicals covered in the model are publicly available. Data for 
the remaining 29 chemicals are confidential because less than three domestic 
companies produce them. We obtained these data via confidentiality agreement with 
DeStatis (DeStatis, 2009;2011). For each chemical in the model, we assign the SEC 
(specific energy consumption in terms of final energy, disaggregated for fuels, steam 
and electricity). Most SEC values were collected from publicly available literature such 
as Chauvel and Lefebvre (1989), IPTS/EC (2011), Hydrocarbon Processing (2003), 
Schyns (2006), Meyers (2005), Patel et al. (1999) while some were based on data 
sources accessible to the authors only71. In Germany, some chemicals such as acetone 
or phthalic anhydride are produced by a single process route; other chemicals such as 
ethylene or adipic acid are produced from various routes and feedstocks. To the 
extent possible, our analysis distinguishes the shares of production routes used to 
produce chemicals. However, SEC values and the process shares are not time 
dependent in our model as no time-series data is available, thus we assumed that the 
technology mix around the year 2000 (which is the base year of this study) is 
representative for the entire period of 1995-2008. 
 

The PIE-Plus model estimates the sector’s frozen efficiency energy use as: 
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where TFEUPIE,t,s is the estimated total frozen efficiency final energy use in year t of 
sub-sector s72 (in petajoules (PJ) of final energy), Pi,t is the physical production volume 
of product i in year t expressed in megatonnes (Mt), SECi,x is the specific energy 
consumption of product i produced from process route x expressed in gigajoules of 
final energy (GJ) per tonne of output and Ri,x is the share of process route x for 
producing product i. The same methodology is applied separately to estimate the use 
of electricity, fuels, heat, and NEU. The total of electricity, fuels and heat represents 
the total process energy consumed to run the equipment related to the production 
processes. NEU is the total of fossil fuels consumed as feedstocks to produce 
chemicals (e.g., products of the steam cracking process), ammonia, methanol or 
carbon black. 
 

                                                 
71 The total final energy use of the chemicals for which data were not publicly available accounts for 
approximately 20% of the basic chemical industry’s bottom-up energy use in 2000 (including electricity, 
but excluding NEU). 
72 Each manufacturing industry follows a two-digit code according to NACE Revision 1.1 in the 
PRODCOM product classification (Eurostat, 2010). The two-digit code for the chemical industry is 24. 
Each industry is then broken down into sub-sectors categorized in three-digits, e.g., 24.1 for basic 
chemical industry, followed by product groups (four-digit) and end-products (eight-digit). Throughout 
this chapter we refer to the NACE Revision 1.1. 
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Since the PIE-Plus includes only the 139 most important chemicals produced 
in the chemical industry, we are not able to completely cover the sector’s entire final 
energy use as reported in the German Energy Balances (AGE, 1995-2008). We 
calculate the energy coverage according to Equation 4-2 as: 
 

sES,2000,TFEU
sPIE,2000,TFEU

2000c =      Equation [4-2] 

 
c2000 is the energy coverage (in %) in the base year 2000 and TFEUES,2000,s is the total 
final energy use of sub-sector s in 2000 as reported in the energy statistics. The 
coverage indicates how representative our model is for the base year (2000). 
 

The annual energy efficiency improvements are estimated in PIE-Plus by an 
energy indicator approach which was developed by Farla and Blok (2000) and Neelis 
et al. (2007c). This approach is based on the comparison of modelled frozen efficiency 
energy use with the realized energy use as reported in energy statistics. All energy 
efficiency improvements presented in this chapter refer to process energy efficiency 
only (i.e., without NEU) and they are adjusted for the effect of the structural changes. 
The ratio of the index values (EEI2000,s = 1) of the modelled energy use (all years 
corrected by the energy coverage of base year 2000) and the realized energy use 
according to energy statistics yield an Energy Efficiency Index (EEI) (Equation 4-3): 
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TFEUPIE,t,s is the total modelled final energy use of sub-sector s in year t 
(reference energy use line which follows a frozen efficiency)73 and TFEUES,t,s is the 
total final energy use of sub-sector s in year t (realized energy use) according to the 
energy statistics. If there are improvements in energy efficiency, then EEI is less than 
1 for that year74. 
 

We exclude NEU from the analysis of annual energy efficiency improvements 
because we expect savings only in the sector’s process energy use. We then develop a 
total of three EEIs based on how the process energy and NEU of the sector is 
defined. Earlier research has shown that the definition of NEU differs depending on 
the data source and on the country: 

(i) Semi-net definition (i.e., a mix of net and gross definitions) of NEU for 
different energy carriers as followed by the German Energy Balances (see 
Appendix 4.A for detailed explanations on the definitions of NEU 
applied in Germany in the German Energy Balances),  

(ii) Net definition of NEU for all energy carriers based on the breakdown of 
the total feedstock into i) net NEU and ii) process energy; this split is 
made for the main hydrocarbon consuming processes according to Neelis 
et al. (2003b;2005) and Weiss et al. (2007)75, namely for steam cracking 
and the production of ammonia, methanol and carbon black, 

(iii) Net definition of NEU for all hydrocarbon consuming processes 
determined based on the calorific values of the final products. This is 
according to the approach followed by Neelis et al. (2007b) and IEA 
(2009a). For example, the (net) calorific value of 19.9 GJ per tonne of 
methanol was used to determine the NEU of methanol production. The 
remainder of the total energy input is allocated to fuels and heat use. 

 

                                                 
73 According to Equation 4-3 energy coverage cancels out. However, achieving higher coverage in one 
sector may have a substantial effect on the estimated energy efficiency improvements. 
74 The EEI measures the energy efficiency improvements achieved at the level of production processes 
only. The energy savings from combined heat and power (CHP) are excluded from the analysis (see 
Appendix how we adapted the German Energy Balances for this purpose). We cannot exclude the 
savings from process integration (achieved by means of material and heat integration) as we cannot 
measure the related savings in Germany’s basic chemical industry. 
75 Fuel and steam use for steam cracking (SEC values in GJ per tonne of ethylene) according to Neelis et 
al. (2003b): between 22 (for ethane) and 47 (for gas oil) for the various hydrocarbon feedstocks. We 
subtract the total fuel and steam use from the energy content of the total organic raw material input (i.e., 
between 1.24 t for ethane and 2.78 t for naphtha per tonne of ethylene to estimate the net). Fuel and 
NEU for ammonia production (SEC in GJ per tonne of NH3): 8.7 and 20.3 for steam reforming of 
natural gas and 5.5 and 29 for partial oxidation of fuel oil respectively (Neelis et al., 2005; Weiss et al., 
2007). Fuel and NEU for methanol production (SEC in GJ per tonne of methanol): 7.0 and 24.7 for 
production from natural gas, 17.2 and 19.9 for production from fuel oil and 18.7 and 20.1 for production 
from lignite respectively (Neelis et al., 2005; Weiss et al., 2007). Fuel and NEU for carbon black 
production (SEC in GJ per tonne of carbon black): 19.7 and 37 from oil (including the quantities of 
natural gas consumed as fuel). 
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We consider the EEI based on the first definition (i) to be most relevant as it 
reflects the system boundaries applied in German Energy Balances (semi-net 
definition). We additionally provide EEI values based on the other two definitions (ii 
and iii) as IEA questionnaires (IEA, 2009b) request from countries to report their 
consumption data by complying with net definition of NEU. For the last two EEI 
indicators, we use the SEC values provided in footnote 75 to estimate the total NEU 
of the related processes according to the net definition of NEU. 
 

Three types of input data are required in order to conduct the analysis 
following Equation 4-1 through 4-3, namely the SEC values, production statistics, and 
energy statistics. As was earlier explained in different studies (Neelis et al., 2007b;c; 
Neelis and Pouwelse, 2008; Weiss et al., 2008a; Saygin et al., 2008;2011a; IEA, 2009a; 
Saygin and Patel, 2009; Roes et al., 2010) these data sources include potential 
uncertainties. We therefore carry out a detailed uncertainty analysis to present the 
annual energy efficiency improvements within 90% confidence intervals (see 
Appendix 4.A for a detailed explanation on the methodology of the uncertainty 
analysis). 
 

In this chapter the products of the basic chemical industry are analyzed (24.1) 
(3-digit level) which includes the production activities of the following sub-sectors (4-
digit level) (see footnote 72): industrial gases (24.11), pigments (24.12), inorganic 
chemicals (24.14), organic chemicals (24.13), fertilizers (24.15), polymers (24.16) and 
synthetic rubbers (24.17). However, the production of agro-chemicals (24.2), 
pharmaceuticals (24.4), synthetic (or man-made) fibers (24.7) and others, e.g., paints, 
detergents, bioethanol (covered under 24.3, 24.5 and 24.6) are excluded. 
 

German Energy Balances (AGE, 1995-2008) provide the energy use of the 
whole chemical industry with a breakdown into the basic chemical industry (24.1) and 
the remainder of the sector (for sub-sectors 24.2-24.7) separately. In 2008, the basic 
chemical industry accounted for approximately 80% of the total final fuels and heat 
use of the whole chemical industry (24) (including electricity demand, but excluding 
NEU). 
 
4.3 Results 
We first present the total final energy use of the basic chemical industry in Germany 
(Section 4.3.1). Afterward, we quantify the annual energy efficiency improvements 
achieved between 1995 and 2008 (Section 4.3.2). 
 
4.3.1 Total final energy use of the German basic chemical industry 
We estimate with the PIE-Plus model that the most important 139 processes in 
Germany’s basic chemical industry consumed in total 1,122 PJ of final energy in 2000. 
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Comparing this finding to the basic chemical industry’s final energy use reported in 
German Energy Balances (1,283 PJ/yr) reveals energy coverage by our model of 
88%76 (see Table 4-1). We regard this coverage as sufficient; it indicates that our 
product selection allows analyzing the energy use of Germany’s basic chemical 
industry with acceptable accuracy. In more detail, we achieve with PIE-Plus a 
coverage of 86% for fuels and heat but only 63% for electricity consumption. The low 
coverage of electricity can be explained by the exclusion of electricity used by motors, 
drives, and other auxiliary installations from the SEC values which are not directly 
related to the production processes77. Given the relatively low electricity coverage in 
the PIE-Plus model, we exclude the analysis of electricity consumption from the rest 
of this chapter. 
 
Table 4-1: Comparison of bottom-up PIE-Plus model estimates with the basic chemical 

industry according to German Energy Balances. Data refers to the activity level of 
the base year 2000 

 
Modelled final 
energy use 
(PJ/yr) 

Adapted final energy 
use in German Energy 
Balances (PJ/yr) 

Energy 
Coverage 
(%) 

Electricity 91 144 63 
Fuel, heat, NEU 1,031 1,139 91 
Fuel and heat 239 278 86 
NEU (feedstock) 793 861 92 

Total 1,122 1,283 88 
Source: own estimates; AGE (1995-2008) 
 
4.3.2 Annual energy efficiency improvements of the German basic chemical 

industry 
We find that the fuel and heat use efficiency of the basic chemical industry in 
Germany has increased on average by 3.5% p.a. between 1995 and 2008 (90% 
confidence interval ranges between 1.9% and 5.0%; Figure 4-1a, see white triangles, 
for EEI (i) which follows semi-net NEU definition according to the German Energy 
Balances (AGE, 1995-2008). When we compare the modelled frozen efficiency energy 
                                                 
76 It would be necessary to provide the PIE-Plus model’s coverage at 4-digit subsector level to gain more 
insight for which sub-sectors our product portfolio is complete and for which ones it needs to be further 
expanded. However, German Energy Balances (AGE, 1995-2008) do not provide the energy 
consumption at 4-digit sub-sector level. On the other hand, this information could be found in German 
Energy Statistics (DeStatis, 2001-2009), but Saygin and Patel (2009) discuss that the system boundaries of 
both statistics are not comparable. For the same reasons discussed in Saygin and Patel (2009) the system 
boundaries of the PIE-Plus model and the German Energy Statistics are not comparable. We therefore 
cannot provide the coverage at 4-digit sub-sector level. 
77 Neelis et al. (2007a) and IEA (2009a) arrived at much lower coverage values of 28-39% and 33% 
respectively. This is explained by the limited product portfolio of electricity-intensive processes which 
include chlor-alkali and oxygen production processes only. In the present analysis, we made an effort to 
include more products (thereby more electricity SEC values) and electricity-intensive processes such as 
carbides production, etc. which enables us to arrive at a higher coverage to 63%. However, we still do not 
find this coverage level sufficient to continue with the analysis of the sector’s electricity use. 
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use to the IEA Energy Statistics (2010a), we estimate very similar improvements as 
based on the German Energy Balances, i.e., 3.3% p.a. (90% confidence interval ranges 
between 1.8% and 4.7%). The reason is that the energy use according to the German 
Energy Balances (AGE, 1995-2008) and the IEA Energy Statistics (2010a) is very 
similar except for the period between 2003 and 2006 (see below for further 
explanations). These estimates refer to the semi-net definition as applied for the 
chemical industry in German Energy Balances. As side analysis, we also calculated the 
results for the other two EEI indicators which are based on the net definition of 
NEU; these point to lower energy efficiency improvements of approximately 2.2% 
p.a. (90% confidence interval ranges between 0.5% and 3.9%). 
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Figure 4-1: Development of the EEI (fuel and heat use only) of the German basic chemical 

industry, 1995-2008. The following intermediates years are missing since the analysis 
was conducted only for years for which data was made available by DeStatis: 1996-
1999 and 2001 (a). Development of the reference and realized energy use lines (for 
fuel and heat use), 1995-2008 (b) 
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4.4 Discussion of the results 
The annual energy efficiency improvements of 2.2-3.5% p.a. estimated with the PIE-
Plus model for the period between 1995 and 2008 are on the higher side of the 
reported values for different sectors of the manufacturing industry in various OECD 
countries (between 0.5 and 3% p.a.) (e.g., Ramírez et al. (2006); Neelis et al. (2007c); 
Blok (2004); ADEME (2009); Wetzels et al. (2010)). This raises questions about the 
reliability of our results. We now discuss in more detail the quality of input data and its 
impact on our findings (Sections 4.4.1 and 4.4.2). We provide a qualitative discussion 
of the uncertainties of the PIE-Plus model approach in Section 4.4.3. 
 
4.4.1 Input data: SEC values and the production data of chemicals 
Based on our product scope which includes 139 chemicals, we arrived at fuels and 
heat coverage of 88% (for the year 2000). We find that our selection of chemicals and 
their respective SEC values in the PIE-Plus model adequately represent the chemicals 
production in Germany for the base year 2000. However, our results include 
uncertainties regarding the SEC values: 

(i) We made an effort to find SEC values which represent the situation in 
Germany, but due to a lack of information we had to use Western 
European and even world averages in most cases. This type of data is 
generally kept confidential in Germany and elsewhere. 

(ii) For the most energy-intensive processes (e.g., steam cracking, ammonia 
and methanol production), we distinguish the shares of process routes and 
applied representative SEC values to each of them; however, for a large 
number of processes, it was not possible to attain this level of detail. 

(iii) The system boundaries of the SEC values of various chemical processes 
may not be comparable with each other (e.g., crediting steam exports). 

 
We demonstrate the extent of possible differences across SEC values by 

comparing the data used in the PIE-Plus model with data from our earlier study (IEA, 
2009a) (base year of this study is 2006 and we refer to it as “IEA study” hereafter). 
For around 45% of the total final fuel and heat use, SEC values of the PIE-Plus 
model are 2-96% lower than those of IEA (2009a) (Figure 4-2). For another 45%, the 
values are very similar (ratio ~1). The reason for the similarity of the SEC values is 
that most of these data originate from the identical sources (Chauvel and Lefebvre, 
1989; Meyers, 2005; Schyns, 2006; IPTS/EC, 2011). For the remaining 10%, the SEC 
values used in the PIE-Plus model are 5-200% higher than the SEC values used by 
IEA (2009a). The differences are partly explained by the geographical scope of each 
study (e.g., global chemical and petrochemical sector in the IEA Study) and the 
background assumptions to derive the data (e.g., average current SEC is 20% higher 
than the SEC of the BPT in the IEA (2009a)). 
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According to Figure 4-3, when we use the SEC values of the IEA Study as 
input data in the PIE-Plus model (for the product scope of IEA study which includes 
66 chemicals as opposed to 139 chemicals of the PIE-Plus model), the bottom-up 
fuels and heat use increases by a factor of 1.8 (indicated by the comparison of the 
estimates to the German Energy Balances which increases from 60% to 106% for 
2008). As we earlier showed in Table 4-1, the PIE-Plus bottom-up model covers 86% 
of the sector’s total fuel and heat use in 2000 based on 139 chemicals. If we were to 
apply the 1.8 factor to this value, we arrive at a coverage of 155% (instead of the 
original coverage of 86%) which is by far beyond the maximum achievable coverage 
value of 100%. These findings show that the SEC values used in the PIE-Plus model 
are more representative for the situation in Germany compared to the SEC values 
from the IEA study. The conclusions should therefore be based on the results using 
the SEC values used in the PIE-Plus model. 
 

As the discussion above shows, it is critical to apply accurate SEC values for 
deriving reliable bottom-up energy use estimates. Reliable SEC values which refer to 
the circumstances of a specific year and a country could be collected from 
benchmarking studies. Such studies include information about the SEC of each plant 
(ideally worldwide) to produce a specific product for a given year. However, Saygin et 
al. (2011a) (see Chapter 2) discuss that due to confidentiality agreements, benchmark 
data becomes publicly available only when it is outdated and for less energy-intensive 
products such data does not exist. If data is available, we also suggest extending the 
comparison of SEC values shown in Figure 4-2 with more data points from literature 
to be able to quantify the actual uncertainty ranges of individual processes. This would 
allow to carry out an improved uncertainty analysis compared to the work presented 
here which yields annual energy efficiency improvements within 90% confidence 
interval based on own judgment of the uncertainty ranges. 
 

In order to test the effect of higher SEC values, we now apply the SEC values 
of the IEA Study (IEA, 2009a) to the PIE-Plus model, thereby limiting the analysis to 
the product scope of the IEA Study (for 66 chemicals). We do so in spite of our 
finding above according to which the SEC values of the PIE-Plus model are a more 
accurate choice than the SEC values of the IEA study. Using the SEC values of the 
IEA Study, we estimate similar annual energy efficiency improvements of 3.5% and 
3.2% p.a. compared to the German Energy Balances (AGE, 1995-2008) and the IEA 
Energy Statistics (IEA, 2010a) respectively. These estimates are close to the estimates 
based on the default datasets of the PIE-Plus model (3.5% p.a.). The large difference 
which exists between the SEC values of the PIE-Plus model and the IEA study has 
only negligible effect over the improvement estimates. This is mainly a consequence 
of the methodology (see Equation 4-2) because we correct the reference energy use of 
each year by the coverage of the base year (2000), thus the effect of the changes in 
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SEC values (and the effect of the respective uncertainty ranges) cancel out. However, 
for bottom-up energy use estimates, covering a large share of produced chemicals of 
the sector remains essential for arriving at complete and representative reference 
energy use data. 
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Figure 4-2: Ranking of the ratios of SEC values (fuels and heat use only) for 73 chemical 

production processes. SEC values of the PIE-Plus model are compared to SEC 
values of the IEA study. x-axis refers to the cumulative contribution of each 
chemical to the total modelled fuel and heat use of the basic chemical industry (24.1) 
according to the PIE-Plus model. All SEC values refer to the situation in 2006. 
Note: Each data point represents the production process of a chemical. As opposed 
to approach in the IEA study for having a single production process for each 
chemical, we model in PIE-Plus the processes with its main product and co-products 
(see Section 3.2) 

 
Besides SEC values, production statistics is the other input data required for 

bottom-up energy use estimates. In the German chemical industry, numerous 
chemical processes lead to thousands of products and by-products. Since the 
production of most chemicals occurs in large integrated chemical facilities and (by-) 
products of some processes are raw materials of another and vice-versa, there are 
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complex material flows between plants. Moreover, generally more than one process is 
used to produce a given chemical. This complexity can result in double-counting or 
incomplete counting of the production volumes of chemicals. Therefore actual 
production values could differ from the quantities reported to national statistics office. 
Weiss et al. (2008b) point to the existence of such inconsistencies in production 
statistics prepared by DeStatis (1995-2008). However, most production data (from 
statistics offices and data from consultants) partly originate from the same sources; 
therefore a comparison for individual processes is assumed to yield only limited 
insight. To gain more insight for this source of uncertainty, independent assessments 
of the accuracy of production statistics for the chemical industry are required. 
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Figure 4-3: Comparison of the fuel and heat use of Germany’s basic chemical industry: bottom-

up estimates divided by energy statistics (IEA, 2009a). Data refers to the activity level 
of 2006-2008. Results of the comparison are expressed in % (similar to the energy 
coverage). Product scope of the bottom-up estimates is limited to the IEA study. 
SEC values are corrected based on the energy efficiency improvements achieved 
between the base year SEC values refer to (2000 for the PIE-Plus model and 2006 
for the IEA Study) and the final year of the comparison (see Figure 4-1) 
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4.4.2 Input data: energy statistics 
4.4.2.1 Comparison of data published in national and international 

energy statistics 
For the years 2007 and 2008, we compare the bottom-up estimates of the German 
basic chemical industry’s total fuel and heat use according to the PIE-Plus model to 
the German Energy Balances (AGE, 1995-2008) and IEA Energy Statistics (IEA, 
2010a). We find an acceptable difference indicated by the comparison of the estimates 
to the German Energy Balances which increases from 60% to 70% in 2007 and from 
60% to 65% in 2008 (see Figure 4-3). The opposite is the case for the year 2006 where 
the comparison of the estimates increases from 60% to 83% (see Figure 4-3). This is 
explained by the substantial difference in the reported fuels and heat use data between 
2003 and 2006 according to the German Energy Balances (AGE, 1995-2008) and the 
IEA Energy Statistics (IEA, 2010a) (compare the black lines in Figure 4-1b, i.e., 
“Realized energy use: German Energy Balances” as compared to “Realized energy use: 
IEA Energy Statistics”). 
 

We now compare the reported values for each energy carrier in both statistics 
in Figure 4-4. Starting with 2003, no or only minor consumption of petroleum 
products is reported in IEA Energy Statistics (IEA, 2009c) while petroleum products 
represent between 10 and 15% of total fuels and heat use according to the German 
Energy Balances (AGE, 1995-2008) in the entire period between 1995 and 2008. 
Similarly, in the period between 2003 and 2006, no heat use is reported in IEA Energy 
Statistics (IEA, 2009c) while heat use represents a quarter of the sum of total fuels and 
heat use in the German Energy Balances (AGE, 1995-2008). Finally, coal use reported 
in IEA Energy Statistics (IEA, 2009c) is around four times larger than in the German 
Energy Balances (AGE, 1995-2008). For renewable energy sources consumed as fuels 
and as heat, both statistics begin reporting consumption data by 2007. While for 2007 
the same quantities have been reported, in 2008, the data reported in IEA Energy 
Statistics (IEA, 2009c) are around 20% higher than in the German Energy Balances 
(AGE, 1995-2008). Renewable raw materials are also being currently used as organic 
raw materials, particularly in the German chemical industry (Jering et al, 2010); 
however, neither of the two statistics reports these inputs under NEU. 
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Figure 4-4: Development of the total of fuel and heat use ratio of the German chemical industry 

(Sector 24): IEA Energy Statistics (IEA, 2010a) versus German Energy Balances 
(AGE, 1995-2008), 1995-2008. Data for renewables exist for 2007-2008 only. 
Sources: (AGE, 1995-2008), IEA, 2010a). Note: We do not report the ratios for coal 
for years 2005 (4.8) and 2006 (3.6) since they distort the readability of the figure 

 
In Figure 4-5 we compare the reported energy use according to the two 

statistics for each energy carrier for 2006 (most recent year with the largest difference 
between the IEA Energy Statistics (IEA, 2009c) and the German Energy Balances 
(AGE, 1995-2008)). We start with coal and coal products on the left hand side and 
then gradually include in the analysis petroleum products, natural gas, electricity and 
heat (from left to right; note that the x-axis is hence cumulative for total energy use 
including NEU, while this is not the case for the y-axis). Comparing the reported 
energy use values in the IEA Energy Statistics (IEA, 2009c) and the German Energy 
Balances (AGE, 1995-2008) for Germany’s chemical industry reveals large differences 
for petroleum products which account for 7% of the sector’s total process energy use 
according to the German Energy Balances (AGE, 1995-2008). While a total of 16 PJ is 
reported for petroleum products in German Energy Balances (AGE, 1995-2008) for 
the basic chemical industry, reported data in IEA Energy Statistics (IEA, 2009c) is 
only 2.5 PJ. 
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Moreover, the comparison shows that IEA Energy Statistics (IEA, 2009c) 

report no heat use while German Energy Balances (AGE, 1995-2008) report 63.5 PJ 
which accounts for 17% of the sector’s total process energy use. The total fuel and 
heat use according to IEA Energy Statistics is by 76.9 PJ or 34% lower compared to 
the German Energy Balances. For coal, there are large differences between the ratios 
when fuel and heat use and NEU are compared. While German Energy Balances 
(AGE, 1995-2008) seem to under-report fuel and heat use as compared to IEA 
Energy Statistics (IEA, 2009c) (ratio = 0.28), for NEU the opposite is true (ratio = 
21.8). In the production processes of chemicals where coal and its products are 
consumed as fuel and NEU (e.g., for carbides), German Energy Balances follow a 
gross definition (see Appendix 4.A). Our comparison shows that the total coal 
consumption reported to IEA Energy Statistics (IEA, 2009c) was allocated to fuel and 
heat use and NEU in another way than in German Energy Balances (gross definition) 
(AGE, 1995-2008). While the total coal use is very similar in both statistics, a higher 
share of coal use is reported under fuel and heat use in IEA Energy Statistics (IEA, 
2009c). We find only minor differences in the reported natural gas values, which 
account for more than one-third of the sector’s total final process energy use. Despite 
inconsistencies within process energy use and NEU, the total energy consumption 
reported for the sector differs by only 20% between both energy statistics. 
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Figure 4-5: Ratio of reported energy use by energy types, electricity and heat for the basic 

chemical industry (Sector 24.1), the whole chemical industry (Sector 24) and NEU: 
German Energy Balances versus IEA Energy Statistics for the year 2006. No values 
for renewable energy, electricity and heat are reported under the NEU item. 
Percentages on the x-axis (also denoted by dashed lines) refer to cumulative total 
energy use covered by each energy type (e.g., coal and its products, petroleum 
products, electricity, etc). Cumulative contribution of each energy type is denoted in 
italics. Note: Contribution of renewables and heat to the total final energy use 
reported in German Energy Balances is 0.2% and 5.9%, respectively 

 
Based on the German Statistics Office (Mayer, 2011) and IEA, the differences 

in the fuel and heat use of the chemical industry as reported by the German Energy 
Balances (AGE, 1995-2008) and the IEA Energy Statistics (IEA, 2010a) can be 
explained as follows (see Appendix 4.A): 

(i) Since 2003, German Energy Statistics (DeStatis, 2001-2009) (the 
background statistical data for the German Energy Balances) has been 
improved by separately surveying the energy use of individual 
manufacturing industries by specialized energy units of the statistics 
offices of each federal state78. Additionally, the statistics were enlarged 

                                                 
78 On 28 October 2009, major revisions were made in the German Energy Balances (DIW & EEFA, 
2009) for the period between 2003 and 2006 as a result of the improvements in German Energy Statistics 
(DeStatis, 2001-2009). Revisions were notably made for: heat and fuels use in CHPs and separate 
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with respect to consumption of energy carriers surveyed, such as 
secondary energy sources (e.g., waste, chemical compounds, etc.). 
German Energy Balances (AGE, 1995-2008) which cover the period 
from 2003 onwards were subject to revisions in 2009 based on improved 
data from the German Energy Statistics (DeStatis, 2001-2009). 

(ii) The data reported in IEA Energy Statistics (IEA, 2009c) are compiled 
through a number of steps: the German Statistics Office (which compiles 
the German Energy Statistics (DeStatis, 2001-2009)) provides 
information to Annual Questionnaires of the IEA which are then sent to 
the German Federal Environmental Ministry and revised by the 
Arbeitsgemeinschaft Energiebilanzen (AGE) (which compiles the 
German Energy Balances). Each of the German statistics mentioned are 
corrected ex post, i.e., one or more years after their first publication while 
corrections on the data submitted to the IEA may not necessarily be 
executed. This explains the substantial differences between the IEA 
Energy Statistics and German Energy Balances between 2003 and 2006. 

(iii) As a consequence of improved survey methods for the German Energy 
Balances (AGE, 1995-2008), substantial improvements resulted in the 
data quality of the submissions to the IEA from 2007 onwards (in 
particular for reporting of heat, biomass and waste use to relevant sectors 
instead of non-specified industry item). In 2007, for example, 
improvements in the completeness of data have resulted in an increase of 
reported total fuel and heat use from 167 PJ (IEA, 2009c) to 301 PJ 
(IEA, 2010a) (i.e., an increase by 81%). 

 
In Figure 4-5, we show that there are practically no differences between the 

total reported NEU values according to the German Energy Balances (AGE, 1995-
2008) and the IEA Energy Statistics (IEA, 2010a). Furthermore, our PIE-Plus 
estimates reach coverage beyond 90% for the base year 2000 compared to both energy 
statistics. Still, uncertainties prevail, which are extensively discussed for Germany by 
Weiss et al. (2008b) and for a number of other countries by Patel et al. (2005). For 
example, the IEA questionnaires for collection of data for preparation of the energy 
statistics request countries to follow a net definition of NEU (IEA, 2005;2009b). By 
contrast both German Energy Balances (AGE, 1995-2008) and IEA Energy Statistics 
(IEA, 2010a) follow a gross definition for coal and oil, while a net definition is applied 
for natural gas (see Appendix 4.A). If in all years, the same set of definitions is 
consistently followed (i.e., only net; or a mix of net and gross, which is referred to 

                                                                                                                            
production of heat, and some minor adaptations in NEU. The main reason for the revisions was energy 
consumption data for residential, tertiary (e.g., trade, services) and other industry sectors based on 
Bundesverband der Energie- und Wasserwirtschaft (BDEW) (BDEW, 2011) was replaced with data from 
the improved German Energy Statistics (DeStatis, 2001-2009; Mayer, 2011) following a new regulation. 
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above as semi-net definition), then consistent model results could be expected. 
However, when we adapted the German Energy Balances (AGE, 1995-2008) so that 
net definitions of NEU are followed, we observe that the realized energy use between 
1995 and 2008 decreases from 1.8% p.a. (semi-net definition) to 0.5-0.6% p.a. (net 
definition). This indicates that the NEU definitions followed in German Energy 
Balances (AGE, 1995-2008) differ across years (or, there may be inaccuracies in data 
collection). As a result, reported fuels and heat use of the sector becomes inconsistent. 
In energy statistics, corrections are required to allocate fuels used for fuel and non-
energy use purposes such that they follow either the IEA questionnaires only (in order 
to ensure comparability of both national and international energy statistics) (IEA, 
2005;2009b) or to ensure that at least uniform definitions are applied in each energy 
statistic across all years. 
 

4.4.2.2 Effect of uncertainties in energy statistics on the annual energy 
efficiency improvements 

In the uncertainty analysis applied for the annual energy efficiency improvements, we 
originally assumed no uncertainties in energy statistics as their magnitude would be 
too uncertain to quantify (see Appendix 4.A). But we made an effort in the previous 
section to show and quantify that there are uncertainties in energy statistics prepared 
at national level despite efforts to revise the published data. The persisting 
uncertainties therefore affect our estimates of the annual energy efficiency 
improvement. For the time-series data covering the period between 1995 and 2008, 
we identify two specific years where the sector’s reported energy use could be 
erroneous. We discuss these based on energy consumption data as reported by the 
German Energy Balances (AGE, 1995-2008): 

(i) Between 1997 and 1998, reported fuel and heat use in German Energy 
Balances (AGE, 1995-2008) (see Figure 4-1b) shows a significant 
downward shift. The decrease is equivalent to 50 PJ (roughly 20% of the 
total consumption in 1997). The development of the reference energy use 
line provides no explanations for the decrease in reported energy use data 
(i.e., an indication of the sector’s total physical activity): total modelled 
fuels and heat use increases from 254 to 272 PJ while reported energy use 
values decrease from 331 PJ/yr in 1997 to 288 PJ/yr in 1998 for the 
whole chemical industry79. We have no explanation for this change in the 
German Energy Balances (AGE, 1995-2008). 

(ii) Total fuels and heat use of the sector peaks in 2007. However, we do not 
observe such dynamics in the reference energy use line (see Figure 4-1b). 
Based on communication with officials from the German Statistics Office 
(Mayer, 2011) and analysis of the background data, we find that natural 

                                                 
79 The total modelled fuels and heat use is based on products for which production statistics are publicly 
available (Saygin et al., 2008). 
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gas consumption in the basic chemical industry was most likely over-
reported in 2007 (by 23% and 60% higher than in 2006 and 2008 
respectively). 

 
By choosing time periods which differ from 1995 to 2008, we quantify the 

effect of uncertainties in energy statistics on the estimated annual energy efficiency 
improvements (see Table 4-2): 

(i) For the period between 1995 and 2006, we estimate improvements of 
4.0% p.a. for the product scope of the PIE-Plus model (90% confidence 
interval ranges between 2.2% and 5.7%). When we reduce the product 
scope to the IEA Study (IEA, 2009a), we estimate similar improvements 
by comparing the reference energy use to the German Energy Balances 
(4.0-4.1% p.a.) (either by using the default SEC values of the PIE-Plus 
model or the IEA Study (IEA, 2009a)). These estimates are slightly higher 
than the findings for the period between 1995 and 2008. When we 
compare the development of the reference energy use to the IEA Energy 
Statistics (IEA, 2010a), we then estimate annual energy efficiency 
improvements as high as 5.8-5.9% p.a. 

(ii) For the period between 1995 and 2007, we estimate annual energy 
efficiency improvements between 2.1 and 2.5% p.a. when we compare 
the reference energy use to the German Energy Balances or to the IEA 
Energy Statistics. For various data sources, annual energy efficiency 
improvement estimates coincide quite well (see Table 4-2, compare values 
for identical time periods). However, the estimates for the time period 
1995-2007 are lower than for other years, which are explained by the 
errors in the energy statistics for the year 2007. 

 
By adapting the time period of the analysis (between 1995 and 2006/2008), 

we estimated annual energy efficiency improvements which range between 2.1% and 
5.9% p.a. It could be argued that reported energy consumption data in 1995 could also 
be erroneous because energy statistics before 1997/1998 seem to remain unrevised 
(see above in this section). We therefore also alter our beginning year of the analysis 
from 1995 to 2000 (i.e., the first year after 1995 EEI is estimated for). When we do so, 
we estimate annual energy efficiency improvements of 1.2% p.a. compared to German 
Energy Balances (90% confidence interval ranges between -0.2% and 2.6%; for the 
product scope of the PIE-Plus model and based on the semi-net definition of NEU 
according to the German Energy Balances). We estimate slightly lower energy 
efficiency improvements at 0.7% p.a. for net definition of NEU (90% confidence 
interval ranges between -0.5% and 2.1%; for the product scope of the PIE-Plus 
model). These estimates, however, do not cover a long-period of the sector’s energy 
use contrary to the initial aim of this chapter. But given the lower degree of errors in 
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the energy statistics in this period (excl. 2007), we regard these estimates rather reliable 
compared to our findings for 1995-2008. 
 

We showed in this section that the largest source of uncertainty when 
calculating annual energy efficiency improvements results from data published in 
energy statistics. For a reliable long-term energy efficiency monitoring, national 
statistics office need to continuously improve their statistics in close cooperation with 
industry and research organization and revise data wherever necessary. This remains 
as an essential task since annual energy efficiency improvements are typically 
monitored at a national level based on these data (e.g., Ramírez et al., 2006; Neelis et 
al., 2007c). National level findings of multiple countries are also combined for 
comparison of specific industries (e.g., Howarth et al., 1991; Greening et al., 1997; 
Farla et al., 1997; Worrell et al, 1997). In recent studies, IEA (2007;2008;2009d) base 
the comparison of energy efficiency improvements of various countries on data 
prepared at international level assuming that system boundaries and definitions of data 
are consistent. Our analysis showed that this may not necessarily be the case and that 
international comparisons may also be subject to uncertainty. Therefore revised data 
prepared at national level need to be used to update the data prepared at international 
level. 
 
Table 4-2: Annual energy efficiency improvement estimates in Germany’s basic chemical 

industry based on various datasets. Estimates are based on semi-net definition of 
NEU according to the German Energy Balances 

SEC 
values 

Energy 
Statistics 

Product 
scope 

Annual energy efficiency improvements (% p.a.) 
1995-2006 1995-2007 1995-2008 2000-2008 

PIE-Plus 
model 

German 
Energy 
Balances 

PIE-Plus 
model 4.0 2.1 3.5 1.2 

PIE-Plus 
model 

German 
Energy 
Balances 

IEA study 

4.1 2.1 3.6 1.0 

IEA 5.9 2.5 3.3 0.4 

IEA study 

German 
Energy 
Balances 

4.0 2.1 3.5 1.1 

IEA 5.8 2.5 3.2 0.5 
 
4.4.3 Methodological limitations and further data uncertainties 
In the PIE-Plus model, we assume that the process shares and the feedstock mix of 
chemical production processes remain constant over time. In reality, however, 
changes in the technology to produce the same chemical may occur and shifts in raw 
material prices may trigger shifts in the feedstock mix. We do not capture the effects 
of such changes in the PIE-Plus model. If data were available, it would be valuable to 
conduct further analyses along these lines. 
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In the analysis, we exclude the primary energy savings achieved by CHP use 
in Germany’s basic chemical industry (see Appendix 4.A). Moreover, we are not able 
to single out process optimization by means of energy integration (e.g., heat 
cascading), and the integration of material flows such as the use of (by-) products as 
raw materials for another process. Process integration may result in a potential 
overestimation of energy use by the PIE-Plus model. Without detailed and 
representative data from industry, it is not possible to correct for this potential 
overestimation. 
 

Finally, the actual steam demand for chemical processes is expected to be 
higher than reported in German Energy Balances. The latter does not account for the 
steam production by the combustion of (i) hydrocarbon by-products which are not 
valuable enough or too difficult to separate from the reaction mixture (off-specs), and 
(ii) post-consumer waste (e.g., plastics barrels)80. However, further analysis and data 
are required in order to estimate the actual values. 
 

Our methodology to estimate energy efficiency improvements is based on the 
EEI values at the beginning and at the end of a given period, i.e., we do not account 
for the developments in intermediate years. This is a limitation of our methodology. 
We showed in Section 4.4.2.2 that the results for the annual energy efficiency 
improvement strongly depend on the chosen time period (Table 4-2). In order to gain 
deeper insight, a complete time-series of EEI data would be required for a robust 
analysis. 
 
4.5 Conclusions 
In this chapter, we apply the PIE-Plus model to estimate the total energy use 
(disaggregated into fuels and heat use, and NEU) and the actual energy efficiency 
improvements of Germany’s basic chemical industry in the period between 1995 and 
2008. We carry out our analysis for the base year 2000 for 139 chemicals. The PIE-
Plus model covers 88% of the sector’s total final energy use compared to German 
Energy Balances. We estimate a wide range of energy efficiency improvements for the 
sector: 2.1-5.9% p.a. based on German Energy Balances and IEA Energy Statistics 
and for the period between beginning with 1995 and for end years selected between 
2006 and 2008 (for semi-net definitions of NEU according to the German Energy 
Balances). By basing the analysis on the German Energy Balances (these are used as 
original source for IEA Energy Statistics) in combination with the PIE-Plus model 
(full product scope) we slightly narrow down the energy efficiency improvements to 
2.2-3.5% p.a. for the period between 1995 and 2008 (for a total of three EEI, one 

                                                 
80 An evidence for this originates from the company profile of BASF where in some integrated 
production sites more than half of all steam consumption could be provided from waste steam or from 
steam produced from waste incineration (BASF, 2008). 
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determined for the semi-net definition of NEU according to the German Energy 
Balances and the other two determined for net definition of NEU). 
 

This chapter represents a step ahead in the analysis of energy use in the 
chemical industry because it provides: (i) a detailed understanding of the sector’s 
energy use pattern based on a large share of produced chemicals, (ii) estimates for the 
annual energy efficiency improvements based on various datasets and (iii) quantitative 
discussions about the quality of available energy use and production data. We 
demonstrate that PIE-Plus model is a useful tool to estimate the total fuels and heat 
use and NEU of the German chemical industry and that the model can also be applied 
to check the quality of national and international energy statistics of the chemical 
industry. Our analysis has revealed indications for errors and inconsistencies in the 
German Energy Balances (AGE, 1995-2008) as well as in the IEA Energy Statistics 
(IEA, 2010a) for the chemical industry’s reported energy use. Unless these are 
minimized by revisions, it is not possible to derive robust conclusions on the actual 
development of energy efficiency in the chemical industry based on data presented in 
energy statistics. This implies that it is not possible to monitor energy efficiency 
improvements of the sector which are pivotal in view of the European Commission’s 
goal to improve energy efficiency by 20% between 2005 and 2020 (EC, 2008), and to 
answer questions whether national energy policies were effective. 
 

We demonstrate the need for further improvement of energy statistics to 
allow a reliable long-term energy efficiency analysis of the chemical industry since 
largest sources of uncertainties in our estimates are errors in energy statistics. The core 
responsibility to collect better data and to improve the quality of energy statistics lies 
at the hands of the national and international statistics offices and the industry. 
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Appendix 4.A Harmonizing the system boundaries of the PIE-Plus model 
and the German Energy Balances 

In Germany, there are number of governmental and private organizations that collect 
and process the energy use data of the various sectors of the national economy (e.g., 
energy transformation sector, manufacturing industry, transportation sector). The 
most important statistics on energy use include: 

• the mineral oil statistics by the Bundesamt für Wirtschaft und 
Ausfuhrkontrolle (BAFA, 2011),  

• the renewable energy statistics by the Arbeitsgruppe Erneuerbare Energien-
Statistik (AGEE-Stat, 2011), 

• the data on various energy related issues by the Bundesvergand der Energie- 
und Wasserwirtschaft (BDEW, 2011), 

• the data on industrial energy use is prepared by the Arbeitsgruppe 
Energiebilanzen (AGE, 1995-2008) and published as German Energy Balances 
based on data prepared by the Statistisches Bundesamt Deutschland 
(DeStatis) which are published as German Energy Statistics (DeStatis, 2001-
2009). While the German Energy Balances are publicly available for the 
period between 1990 and 2009, the German Energy Statistics are partly 
confidential (DeStatis, 2001-2009). Together, both constitute the official 
authorative source of German energy data. For this research project, we had 
access to the Germany Energy Statistics under a confidentiality agreement 
with DeStatis. 

 
As explained in Equation 4-2 (see main text of the chapter), energy coverage 

is estimated by comparing the bottom-up energy use according to the PIE-Plus model 
and Germany’s energy statistics (for the base year 2000). It indicates the 
representativeness of the PIE-Plus model. For a consistent comparison of the 
bottom-up results, the system boundaries for energy use need to be comparable. 
However, there could be different settings with regard to the accounting of non-
energy use (NEU) and the partitioning of fuel use of combined heat and power (CHP) 
units in chemical industry. We do the following adaptations to ensure a consistent 
comparison of the PIE-Plus model with the national energy statistics (AGE, 1995-
2008; DeStatis, 2001-2008): 

(i) The results of the PIE-Plus model for fuel and heat use are adapted 
according to the system boundaries of NEU in the German Energy 
Balances (Weiss et al., 2008; Mayer, 2008). The system boundaries are 
explained in more detail below: 
• oil products and coal products used for non-energy purposes follow a 

gross definition, i.e., backflows from the chemical processes (e.g., 
steam cracking) to the refinery sector are excluded from the NEU 
values. In contrast the share of NEU consumed as fuel and heat is 
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included in the NEU values reported in German Energy Balances 
(Weiss et al., 2008; Mayer, 2008), 

• natural gas and its products (e.g., ethane, propane, butane) which are 
used for non-energy purposes follow a net definition in the German 
Energy Balances, i.e., both backflows and the share of NEU consumed 
as fuel and heat use are excluded from the NEU values, 

• all backflows related to steam cracking are allocated to naphtha and are 
deducted.  

(ii) In line with the system boundaries for NEU as described above, also the 
system boundaries of energy use (fuel use) follow a specific definition in 
the German Energy Balances (AGE, 1995-2008) and the German Energy 
Statistics (DeStatis, 2001-2008). PIE-Plus has been adapted to these system 
boundaries, which are as follows: 
• for oil products and coal products used as fuels (i.e., for energy 

purposes), the values in the German Energy Balances include the share 
of NEU consumed as fuel and heat, 

• for natural gas and its products (e.g., ethane, propane, butane) which 
are used as fuels, the values in the German Energy Balances (AGE, 
1995-2008) exclude the share of NEU consumed as fuel and heat. 

(iii) Actual NEU values reported in German Energy Balances and German 
Energy Statistics were adapted by subtracting the total of petroleum coke 
and other oil products to comply with the system boundaries of the PIE-
Plus model. We also assume that all organic raw materials are used by the 
basic chemical industry (Sector 24.1). 

(iv) While the energy statistics account for the fuels used for CHP81, the PIE-
Plus model completely excludes these fuels as no distinction is made for 
the source of steam (e.g., stand-alone boiler, CHP, waste gas from 
chemical processes), since all the SEC values refer to the direct energy use 
related to chemical production processes. In order to harmonize the 
system boundaries of our PIE-Plus model and the energy statistics, the 
reported fuel use in energy statistics is adapted by assuming that no steam 
and electricity is produced from CHP plants; instead all steam is provided 
by stand-alone boilers. Both German Energy Balances (AGE, 1995-2008) 
and German Energy Statistics (DeStatis, 2001-2008) follow the so-called 
‘Finnish method’ to partition fuel use to co-produce steam and electricity 

                                                 
81 The system boundaries of the reported fuel use in the German Energy Balances (AGE, 1995-2008) and 
in the German Energy Statistics (DeStatis, 2001-2008) differ from each other. While the total quantity of 
fuels used to co-produce electricity and steam is included under the relevant manufacturing sector in 
German Energy Statistics (DeStatis, 2001-2008), fuels for electricity production are included under the 
conversion sector in the German Energy Balances (AGE, 1995-2008), and the share of fuel input for 
steam production is reported under the fuel use item of the relevant industry sector. 
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in CHP plants (AGE, 2008) (fuels used for CHP plants are reported by 
DeStatis for years 1995 and 2002-2008 (DeStatis, 2002-2008) and by VIK 
(1997;2004;2007) for all other intermediate years). As a first step, we 
estimate the fuels used for steam production in CHP plants according to 
this method. We then estimate the theoretical fuel use assuming that all 
steam production were to occur from less efficient and conventional stand-
alone boilers (with a standard efficiency of 80% to be consistent with the 
predefined reference values applied in the Finnish method; actual values 
could be higher). The difference between fuel use obtained by this 
approach and the actual fuel use for steam production in CHP plants is the 
fuel savings achieved due to CHP, i.e., 31 PJ in 2008 (and 62 PJ in 1995). 
We add this value as an additional quantity to the chemical sector’s original 
fuel use as reported in the German Energy Balances (AGE, 1995-2008) 
since only the fuels for co-production of steam are reported in the German 
Energy Balances. 

 
For the German Energy Statistics (DeStatis, 2001-2008), we follow a 
slightly extended approach. As opposed to the German Energy Balances 
(AGE, 1995-2008), the German Energy Statistics (AGE, 1995-2008) 
attribute the total quantity of fuels consumed for the co-production of 
steam and electricity in CHP plants to the chemical industry. As a first 
step, we deduct all fuels used for electricity production in CHP plants (also 
estimated according to the Finnish method) from the sector’s total fuel 
consumption in order to be consistent with the German Energy Balances 
(AGE, 1995-2008). As a subsequent step, we add the additional fuel 
demand if all steam were to originate from stand-alone steam boilers to the 
sector’s total fuel consumption. 

 
These adaptations ensure a consistent comparison of the PIE-Plus model 

results with the data provided by the German Energy Balances (AGE, 1995-2008) and 
German Energy Statistics (DeStatis, 2001-2009). 

 
 
Appendix 4.B Harmonizing the system boundaries of the PIE-Plus model 

and the IEA data 
Here, we first discuss the differences between the PIE-Plus model (base year 2000) 
and the IEA Study (base year 2006) (IEA, 2009a). As a second step, we harmonize the 
system boundaries of both studies in four steps (one for the PIE-Plus model and 
three for the IEA Study). 
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a) Differences in system boundaries of the PIE-Plus model and the IEA 
study 

The analysis presented by IEA (2009a) covers 108% of the German chemical 
industry’s total final energy use (incl. NEU) as compared to the energy use reported in 
IEA Energy Statistics (IEA, 2009c). The results of the IEA Study (IEA, 2009a) and 
the PIE-Plus model are not comparable for the following reasons: 

(i) IEA (2009a) conducts a cross-country comparison for which comparable 
and uniform data sources prepared at international level were used, i.e., the 
international energy statistics prepared by IEA (2009c), and production 
statistics as compiled by SRI Consulting (SRIC). Data collected by national 
statistics offices were not used. 

(ii) IEA (2009a) collected, SEC values from various literature and industry 
sources, or used in-house estimates of the IEA82. Except for a few key 
chemicals (e.g., ethylene, ammonia where the raw material mix is 
accounted for), a single process is assigned to each chemical, (i.e., the 
various production processes used to produce individual chemicals are not 
sufficiently accounted for). 

 
IEA (2009a) and the PIE-Plus model differ substantially in the accounting 
of NEU. In the PIE-Plus model, NEU is estimated based on individual 
chemical processes which consume energy for raw material purposes, 
namely steam cracking (high value chemical (HVC) production83) and the 
production of ammonia, methanol, carbon black and carbides84. NEU is 
estimated on the basis of total physical raw material input to each of the 
processes consumed for fuel and feedstock purposes (expressed in tonnes 
or GJ per tonne of main product). Based on the NEU definition of the 
German Energy Balances (AGE, 1995-2008), PIE-Plus breaks down the 
total fuel input into fuel and feedstock. In the PIE-Plus model, NEU 
estimates are limited to individual production processes selected for the 
basic chemical industry. Therefore, no additional NEU is estimated for 
chemicals which are partially produced in refinery processes, such as 
aromatics or propylene. These products are, on the other hand, included in 

                                                 
82 We show the differences between the SEC values used in the PIE-Plus model and the IEA study in the 
main text. 
83 We define HVCs as: ethylene, butadiene, shares of propylene and aromatics (benzene, toluene and 
xylene) extracted from pyrolysis gas and hydrogen. This differs from the HVC definition of the IEA 
study where the definition of the Solomon Associates was followed (IEA, 2009a). According to the 
Solomon Associates, HVCs include ethylene, butadiene, and shares of propylene and benzene, acetylene 
and sold hydrogen from the steam cracking process.  
84 Coke use for silicon carbide and calcium carbide is minor when compared to the total NEU of the 
chemical industry (>1%). In the PIE-Plus model, the related amounts of coke used in phosphorus 
production are also included. However, phosphorous is not produced in Germany according to the 
national production statistics (DeStatis, 1995-2008). 
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the NEU as calculated by IEA (2009a). While it could be argued that since 
the production of these chemicals is covered under the production 
statistics of the chemical industry, it is not clear whether the energy 
statistics include the energy consumption related to these products which 
originate outside the chemical industry. As a consequence, we excluded 
them from the PIE-Plus model. By comparison, IEA (2009a) follows a 
product-based approach to estimate the NEU. The NEU is determined by 
simply adding up the calorific value of all basic chemicals produced. The 
calorific value of chemicals ranges between 40 to 45 GJ per tonne of HVC.  
The same approach is applied to butylenes production (which is a by-
product of ethylene production and partly extracted from the C4 stream in 
petroleum refineries) as well as the production of toluene85 and xylenes 
(both originate partly from the catalytic reformate in petroleum refineries). 

(iii) IEA (2009a) combined fuel and heat use and NEU values into a single 
value. This approach was based on the results of the study by Weiss et al. 
(2008) which discuss that due to lack of consistency in the NEU 
definitions followed in international energy statistics across countries, the 
consumption values cannot be separated. The inconsistency is remarkable 
if one considers that IEA questionnaires request all countries to apply a net 
definition of NEU (Weiss et al., 2008a). Weiss et al. (2008a) outlined the 
following reasons to explain the possible deviations of countries from 
IEA’s request: (i) complex material and energy flows in the chemical 
industry which makes feedstock accounting a difficult issue, (ii) different 
NEU definitions applied at country level where the same practices are 
extended to international energy statistics, and (iii) limited guidance 
provided by the IEA to ensure that requested definitions are followed at 
the level of individual chemical and refinery processes. The NEU as 
reported by the German Energy Balances (AGE, 1995-2008) and the IEA 
Energy Statistics (IEA, 2009c), are similar, i.e., for 2006 (and also for other 
years, see main text): 872 PJ and 855 PJ, respectively. We therefore expect 
that the NEU definitions applied at country level are extended to the 
international energy statistics86 (see Section 4.4.2 in main text for details). 

(iv) IEA (2009a) only covers a limited number of 66 chemicals and 57 chemical 
processes. Some of the covered chemicals belong to sectors other than the 
basic chemical industry, i.e., ethanol (Sector 24.6) and man-made fibers 
(Sector 24.7). 

                                                 
85 An effort was made to avoid possible double counting of NEU for those chemicals which are 
produced from each other (e.g., half of all toluene production is consumed for the production of other 
aromatics). Thus only half of its calorific value is assigned as NEU. 
86 Largest deviation for NEU is found for coal use; however, its use as feedstock in the German chemical 
industry is minor (3% of the total NEU reported; consumed primarily for carbides production and 
methanol). The high ratio originates from under-reported data in IEA Energy Statistics (IEA, 2009b). 
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(v) IEA (2009a) excludes electricity use since the 66 chemicals cover 
approximately one third of the sector’s actual electricity demand only. 

 
b) Harmonizing the system boundaries of the PIE-Plus model and the 

IEA study 
In order to compare the PIE-Plus model and the IEA study, we ensure that the 
system boundaries of the PIE-Plus model and the IEA (2009a) are harmonized. To do 
this, we apply the following four steps which include one adaptation step for the PIE-
Plus model, and three for the IEA study (in Figure 4.B-1; described for the activity 
level of 2006 only): 

(i) Product scope (for PIE-Plus model): We first downsize the product scope 
of the PIE-Plus model to 66 chemicals, i.e., to the number of chemicals 
covered by the IEA study. The total energy coverage (excl. electricity) is 
reduced from its original value of 95% to 89%, i.e., by 7 percentage points. 
This means that the 73 chemicals which are excluded account for 7% of 
the sector’s total energy use. Excluding the NEU, these chemicals account 
for a more substantial share of total fuel and heat use, i.e., 23%. Among 
the 73 chemicals which were excluded there is a number of inorganics (e.g., 
aluminium hydroxide, fertilizers such as potassium chloride, potassium 
sulphate) and polymers (e.g., polyacetal, polyacrylates, polyacrylonitrile, 
polyamides, polyurethane).  

(ii) Sub-sectors covered (basic chemical industry Sector 24.1): We reduce the 
sectoral coverage of the IEA (2009a) study by excluding the products of 
sub-sectors 24.6 and 24.7 so that the focus of both studies is the basic 
chemical industry only. The total energy coverage of the IEA (2009a) study 
decreases by 2 percentage points, from 107% to 105%. 

(iii) System boundaries of the NEU accounting: We harmonize the NEU 
accounting of both studies according to the definitions of German Energy 
Balances (AGE, 1995-2008)). The harmonized bottom-up estimate for 
NEU equals 821 PJ per year for the products of the IEA study (see also 
below). This decreases the total energy coverage by 8 percentage points, 
from 105% to 97%.  

(iv) Comparison of the basic chemical industry’s bottom-up estimates to the 
sector’s energy use as reported in the energy statistics: 97% of the total 
energy use coverage represents the comparison of basic chemical industry’s 
(Sector 24.1) bottom-up energy use with the reported energy use for the 
whole chemical industry (Sector 24) according to the IEA Energy Statistics 
(IEA, 2009c). To ensure a consistent comparison, we adapt the realized 
NEU and the fuel and heat use of the whole chemical industry in two 
steps: (i) all reported petroleum feedstocks are assumed to be utilized in 
the basic chemical industry and (ii) the share of the basic chemical 
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industry’s fuel and heat use over the sector’s total energy use is assumed to 
be identical to the share of these two items according to the German 
Energy Balances (AGE, 1995-2008) (i.e., 70-82% between 1995 and 2008 
and 76% in 2006). These two adaptations raise the total energy use 
coverage from 97% to 102%. As an intermediate step, we also exclude the 
CHP fuels as reported in the IEA Energy Statistics (IEA, 2009c) to ensure 
a consistent comparison with our bottom-up energy use estimates in the 
PIE-Plus model87. This compensates for the increase in coverage due to 
the elimination of non-basic chemical industry sub-sectors (Sector 24.2-
24.7) and as a result the energy coverage of the basic chemical industry 
remains as 97%. 
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Figure 4.B-1: Summary of adaptations made to harmonize the system boundaries of the PIE-Plus 

model and the IEA Study (IEA, 2009a). Energy coverage refers to the total coverage 
of fuels, steam and feedstock (electricity use is excluded from the analysis). The same 
steps were repeated for the updated results of the IEA Study (2009a) for 2007 and 
2008 

 

                                                 
87 Reported fuel use in CHP plants for steam co-production in IEA Energy Statistics (IEA, 2009c) are 
harmonized with the bottom-up energy use estimations in PIE-Plus to ensure a consistent comparison 
(see footnote 81). It is expected that IEA Energy Statistics (IEA, 2009c) follow the Finnish method since 
IEA questionnaires (IEA, 2008b) request countries to follow their own method if they have developed 
one; this is the case for Germany. 
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Appendix 4.C Uncertainty analysis 
We quantitatively assess the uncertainties of our annual energy efficiency 
improvement estimates (based on EEI) by applying the following steps: 

1) We assume uncertainty ranges for the SEC values (changing between 
±10% and ±40% for various chemicals based on our own judgment 
about the uncertainty of data presented by the PIE-Plus model for 
Germany in year 2000) and for the production data as provided by 
DeStatis (1995-2008;2009;2011) (i.e., ±5% based on our own judgment). 
For data derived from energy statistics, we do not assume uncertainty 
ranges as uncertainty margins may vary between large margins, making 
any estimate potentially unreliable (see Saygin et al. (2011b)); however, we 
critically discuss sources of uncertainty and their consequences for the 
reliability of our estimates in the main text88. 

2) We translate the uncertainty ranges into probability density functions 
(PDFs) with a triangular distribution, and use the @RISK software 
(Palisade Corporation, 2005) to carry out a Monte Carlo Analysis (for a 
total of 10,000 trials at a confidence interval of 90%). 

 
Appendix 4.D Chemicals included in the PIE-Plus model 
PIE-Plus models the energy use of the German chemical industry based on the 
production of 139 chemicals (Table 4.D-1). 
 
Table 4.D-1: List of chemicals analyzed with the PIE-Plus model 

Products of the PIE-Plus model Prodcom number 
(NACE Revision 1.1) 

Production volume 
available in 2000 

Acrylonitrile butadiene styrene 24162070 YES 
Acetaldehyde 24146113 YES 
Acetic acid 24143271 YES 
Acetone 24146211 YES 
Acetylene 24141190 YES 
Acrylic acid 24143310 YES 
Acrylonitrile 24144350 YES 
Acrylpolymer 24165390 NO 
Adipic acid 24143385 YES 
Adiponitrile - YES 
Aluminium hydroxide 24131570 YES 
Alcohol ethoxylates 24512050 YES 
Alkyl ethoxy sulfates 24512020 YES 
Alkyl polyglucosides 24512050 YES 
Aluminium oxide 27421200 YES 
Ammonia 24151075 YES 

                                                 
88 We estimate the uncertainty ranges for SEC values based on our own judgment and similar to the 
earlier work by Ramirez et al. (2006) and Neelis et al. (2007c). It would be more meaningful to estimate 
these uncertainties by comparing multiple SEC values for a given process and ideally based on 
benchmarking curves. However, our data availability is limited to conduct such a detailed analysis. 
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Products of the PIE-Plus model Prodcom number 
(NACE Revision 1.1) 

Production volume 
available in 2000 

Ammonium nitrate 24153030 YES 
Ammonium sulfate 24153023 YES 
Aniline 24144151 YES 
Anti knocking agent 24663255-90 NO 
Benzene (BTX) 24141223 YES 
Benzoic acid 24143363 YES 
Bisphenol A 24142433 YES 
Butadiene rubber 24171050-90 YES 
Butadiene 24141165 YES 
Butanol 24142230-40 YES 
Butyraldehyde 24146115 YES 
Calcium hypochlorite 24132235 YES 
Calcium carbide 24135450 YES 
Caprolactam 24145270 YES 
Carbon black 24131130 YES 
Chlorine 24131111 YES 
Chloroacetic acid 24143220 YES 
Cumene 24141270 YES 
Cyclohexane 24141213 YES 
Cyclohexanone 24146233 YES 
Diammoniumphosphate 24158030 NO 
Dimethylaniline 24144153 YES 
Dimethylterephthalate 24143443 YES 
Dimethylbenzaldehyde 24146120 YES 
Dimethylphenol 24142419 YES 
Dioctylphthalate 24143413-25 YES 
Diphenylamine 24144157 NO 
Epoxy resin 24164030 YES 
Ethanol 15921205 YES 
Ethyl acrylate 24143320 YES 
Ethyl benzene 24141260 YES 
Ethyl tert-butyl ether 24663255-90 NO 
Ethyl vinyl acetate 24161070 YES 
Ethylene 24141130 YES 
Ethylene dichloride 24141353 YES 
Ethylene glycol 24142310 YES 
Ethylene propylene diene monomer 24171050-90 YES 
Ethylene oxide 24146373 YES 
Ethylhexanol 24142269 YES 
Fluoric acid 24131473 YES 
Formaldehyde 24146111 YES 
Formic acid 24143253 YES 
Hexamethylenediamine 24144125 YES 
Hydrogen 24111150 YES 
Hydrogen peroxide 24135300 YES 
Hydroquinone 24142439 YES 
Isoprene 24141167 NO 
Isopropanol 24142220 YES 
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Products of the PIE-Plus model Prodcom number 
(NACE Revision 1.1) 

Production volume 
available in 2000 

Linear Alkylbenzene Sulphonates 24512020 YES 
m-Xylene (BTX) 24141247 YES 
Maleic anhydride 24143387 YES 
Methylene diphenyl diisocyanate  24144450 YES 
Methyl ethyl ketone 24146213 YES 
Melamine resins 24165570, 24165630 YES 
Methanol 24142210 YES 
Methionine 24145137 YES 
Methyl methacrylate 24143340 YES 
Methyl isobutyl ketone 24146215 YES 
Monoammoniumphosphate 24158040 NO 
Methyl tert-butyl ether 24663255-90 YES 
Naphthalene 24141280 YES 
Nitric acid 24151050 YES 
Nitrobenzene Based on aniline YES 
Nitrogen 24111160 NO 
o-Xylene (BTX) 24141243 YES 
Octanol 24142263 YES 
Other C4 24141150, 24141167 YES 
Oxygen 24111170 YES 
p-Xylene 24141245 YES 
Pentaerythritol 24142339 NO 
Polyethylene terephthalate 24164060 YES 
Phenol 24142415 YES 
Phenolic resin 24165650 YES 
Phosphoric acid 24131455 YES 
Phthalic Anhydride 24143433 YES 
Polyacetals 24164013 YES 
Polyacrylates 24165350-90 YES 
Polyacrylonitrile 24165350-90 YES 
Polyamide 6 24165450,90 YES 
Polyamide 66 24165450,90 YES 
Polycarbonate 24164040 YES 
Polyether Polyols 24164015 YES 
Polyethylene 24161035-90 YES 
Polypropylene 24165130-50 YES 
Polystyrene 24162035-90 YES 
Polysulfide, polysulfone 24165820 YES 
Polyurethane 24165670 YES 
Polyvinylacetate 24165230-70 YES 
Polyvinylchloride 24163010-90 YES 
Potassium chloride 24155030 YES 
Potassium sulfate 24155050 YES 
Propylene glycol 24142320 YES 
Propylene oxide 24146375 YES 
Quinone 24146260 YES 
Resorcinol 24142439 NO 
Saccharine 24144320 NO 
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Products of the PIE-Plus model Prodcom number 
(NACE Revision 1.1) 

Production volume 
available in 2000 

Styrene acrylonitrile resin 24162050 YES 
Saturated polyester 24164090 YES 
Styrene butadiene rubber 24171050-90 YES 
Silicate 24135240 YES 
Silicon carbide 24135450 YES 
Single superphosphate 24154035 YES 
Soda ash 24133310 YES 
Sodium chlorate 24132255 NO 
Sodium tripolyphosphate 24133270 YES 
Styrene 24141250 YES 
Sulfuric acid 24131433 YES 
Syngas - YES 
Synthetic fibers: polyacrylate 24701197 YES 
Synthetic fibers: polyamide 24701197 YES 
Synthetic fibers: polyester 24701197 YES 
Toluene diisocyanate 24144450 YES 
Terephthalic acid 24143435 YES 
Titanium dioxide 24121150 YES 
Toluene (BTX) 24141225 YES 
Triplesuperphosphate 24154035 NO 
Urea formaldehyde resin 24165550 YES 
Unsaturated polyester 24164070-80 YES 
Urea 24153013-19 YES 
Vanillin 24146143 YES 
Vinyl acetate 24143217 YES 
Vinyl chloride acetate copolymer 24163040 YES 
Vinylchloride 24141371 NO 
Zirconium dioxide 24121365 NO 
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5 Linking historic developments and future scenarios of 
industrial energy use in the Netherlands 

between 1993 and 204089 
 

Deger Saygin, Wouter Wetzels, Ernst Worrell, Martin K. Patel 
 

Abstract 
Monitoring energy efficiency improvements is essential for policy evaluation and for 
future policy making. We estimate the annual energy efficiency improvements 
achieved in six Dutch industry sectors between 1993 and 2008 by using a bottom-up 
model. This model incorporates the production data and specific energy consumption 
values of 122 products. We estimate annual energy efficiency improvements of 1.0% 
per annum (p.a.) for the total industry (excluding non-energy use); even though the 
results are subject to uncertainties due to errors in the energy statistics we consider 
them as strong indication that Dutch industry needs to reinforce its efforts in energy 
efficiency. Based on historical achievements between 1989 and 2008, Business as 
Usual (BaU) scenarios project annual improvement potentials of 0.6-1.8% p.a. until 
2040. Based on literature review, this study estimates that implementing energy saving 
technologies can accelerate energy efficiency improvements to 2% p.a. and beyond. 
Efficient combined heat and power technologies could increase these potentials 
further. These are beyond the historical achievements and BaU scenario projections. 
New policies will be required for technology development which ensures continuous 
energy efficiency improvements. The findings of this chapter need to be extended by 
continuous monitoring and more scenario analyses with improved data. 
 

                                                 
89 Published as slightly adapted version in Energy Efficiency. Reproduced with permission from Springer 
Science+Business Media © 2012. 
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5.1 Introduction 
According to the European Union’s (EU) Energy Efficiency Plan 2011, improving 
energy efficiency is one of the key measures for greenhouse gas (GHG) emission 
reduction and for securing energy supply. The current EU target is to reduce total 
primary energy use by 20% in 2020 compared to the reference development 
(excluding non-energy use (NEU)) (EC, 2011).  Currently accounting for a quarter of 
the region’s total final energy use (IEA, 2010), industry aims at similar reductions. In 
the Netherlands, manufacturing industry sectors and the petroleum refineries 
(together referred to as ‘industry’ hereafter) aim to improve their primary energy 
efficiency by participating in Long-Term Agreements (LTAs) on energy efficiency90: 
(i) 3rd phase of LTAs for enterprises which are not participating in the European 
Union Emission Trading Scheme (EU-ETS) and (ii) Long-term agreements on Energy 
Efficiency (LEE) for EU-ETS enterprises (enterprises which participated from 1999 
until 2007 in the Benchmarking Covenant (BC)  continue to participate under this 
scheme).  
 

In the Netherlands, total industrial primary energy use increased by 1.6% p.a. 
between 1970 and 2008 (based on CBS, 2010a). The industry is the largest energy 
consumer in the Netherlands, accounting for more than one-third of the total primary 
energy use, i.e., 1,550 petajoules (PJ) in 2008 including NEU of 606 PJ; (based on 
CBS, 2010b). As shown in Figure 5-1, three quarters of the total use are covered by 
the production processes of four product groups, i.e., the chemicals (50%), petroleum 
products by refining (11%), food (8%) and iron and steel (7%).  
 

                                                 
90 In September 2007, the Dutch government also set national energy and climate goals for all sectors of 
the economy under the so-called Clean and Efficient (‘Schoon en Zuinig’) programme (VROM, 2007). 
This policy programme aimed to improve economy-wide energy efficiency by at least 2% p.a. However, 
by October 2010 the programme was abolished. 
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Total primary energy use of the Dutch industry (2008)
1,550 PJ/yr (incl. NEU)
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branch
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Figure 5-1: Total primary energy use of the Dutch industry including NEU. Data refer to the 

situation in 2008. Note: in brackets NACE Rev 1.1 classification numbers of each 
sector are provided which refers to the economic activities as defined by the 
European Commission (EC, 2010). Source: own estimates based on CBS (2010b) 

 
Improving energy efficiency could reduce production costs, increase 

industrial productivity and improve competitiveness (IEA/IIP, 2011; UNIDO, 2011). 
Therefore monitoring industrial energy use is necessary to quantify historic 
achievements and to analyze future improvement potentials. Furthermore such 
information could be used to evaluate the effectiveness of energy policies and to 
formulate new policies. Energy efficiency became an important issue in the 
Netherlands after the first oil crisis in 1973. Numerous studies have assessed industrial 
energy use (Blok and Worrell, 1992; Urban, 1994; Gielen et al., 1996;1997; ECN, 
1997; Gerlagh and van Dril, 1999; Phylipsen et al., 2002; Neelis et al., 2007a) and 
monitored the achieved energy efficiency improvements in various time frames, 
particularly for the LTA-1 period (Gerritse et al., 1987; Boonekamp, 2004; van Dril, 
1999; Farla et al., 1998; Farla and Blok, 2000; Ramirez et al., 2005;2006a;b; Neelis et 
al., 2007b). Only few studies discuss in detail, however, the reasons for observed 
energy use developments and so far data and results of the Benchmarking Covenant 
have not been compared to the results of the independent assessments. It is often 
argued that high energy taxes and periods with high energy prices accelerate industrial 
energy efficiency improvements (Urban, 1994; TNO, 1990; Boonekamp et al., 2002; 
Ramirez et al., 2005; Boonekamp, 2010; de Buck et al., 2010). Furthermore, replacing 
old capacity with new plants and increasing the utilization rate of installed capacity 
contributes to energy savings (Struker and Blok, 1995; Farla et al., 1998; Ramirez et al., 
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2006b; Neelis et al., 2007b). However, disaggregating individual factors that contribute 
to the changes in energy efficiency is a complicated task since most factors are 
interlinked and availability of quantitative information is limited. Therefore in the first 
part of this chapter, we monitor the annual energy efficiency improvements achieved 
by the six most important (from an energy point of view) sectors in the Dutch 
industry and we analyze the factors that contributed to the industrial energy use 
developments between 1993 and 2008. 
 

Besides retrospective analysis, various studies quantified the short and long 
term technical and economic energy saving potentials in the Dutch industry sectors 
and developed future energy use scenarios for various time frames (e.g., Molag et al., 
1979; TNO, 1990; de Beer et al., 1994; Alsema and Nieuwlaar, 2001; Phylipsen et al., 
2002; Daniëls, 2005; Harmelink et al., 2010). In these studies, industrial energy saving 
potentials are evaluated under various policy schemes (Phylipsen et al., 2002) and/or 
in view of the technical (Harmelink et al., 2010) and economic constraints (de Beer et 
al., 1994). However, for the case of the Netherlands most of these potential studies 
are now outdated. On the other hand, a number of recent studies quantified the 
potentials under various scenarios with different technology development 
assumptions for Europe (Ecofys, JRC-IPTS, 2009; Eichhammer et al., 2009) and for 
the world (Worrell et al., 2009; Saygin et al., 2010; Teske et al., 2011; Graus et al, 
2011). In view of the scattered information for the Netherlands, we study, in the 
second part of this chapter, the future energy saving potentials achievable in the 
Dutch industry in the period between 2008 and 2040 and we discuss whether these 
potentials are sufficient to increase the annual energy efficiency improvement rates 
compared to the current levels. 
 



129 Chapter 5 
 

 

Theoretical

Technical

Maximum 
realisable

Economic

ProfitablePolicy/Enhanced 
market

Market

En
er

gy
 s

av
in

gs
 p

ot
en

tia
l

OTD

EME

BPT

BaU

THIS 
STUDY

 
Figure 5-2: Definitions and illustrative magnitudes of the energy efficiency potentials according 

to the literature review by Harmelink et al. (2010) and the definitions applied in this 
study 

 
In the next section, we describe our methodology and provide an overview of 

our input data. In Section 5.3, we quantify the realized annual energy efficiency 
improvements between 1993 and 2008 and then we explain the developments in 
industrial energy use for the same time period. In Section 5.4, we present the results of 
our scenario analysis covering the period between 2008 and 2040, compare our 
findings with the historic trends and discuss the related uncertainties in view our data 
choices and methodological limitations. We end this chapter with conclusions for 
policymakers and recommendations for future research. 
  
5.2 Methodology 
In this section, we first explain the bottom-up methodology to estimate the realized 
annual energy efficiency improvements between 1993 and 2008 in the Dutch industry. 
Next, we explain our methodology to estimate which factors contributed to the 
developments in industrial energy use. Finally, we describe our methodology to 
develop industrial energy use scenarios for the period between 2008 and 2040. In each 
section, we provide detailed insight to the input data used for the analysis.  
 
5.2.1 Monitoring energy efficiency improvements: 1993-2008 

5.2.1.1 Realized annual energy efficiency improvements 
In this study, we use a bottom-up model (referred to as FYSI hereafter) which was 
developed to analyze the industrial energy use in the Netherlands (Neelis et al., 2004). 
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We apply an updated version of this model to quantify the realized annual energy 
efficiency improvements. We analyze six sectors in total. These sectors are: total 
chemical (NACE 24, according to Eurostat (2010) including fertilizers), basic metal 
(total of iron and steel (27.1) and non-ferrous metals (27.2) sectors), paper (excluding 
printing and publishing) (21), building materials (26), food (15) and petroleum 
refineries (23.2). These sectors accounted for 92% of the total industrial energy use in 
the Netherlands in 2008 (incl. NEU; see Figure 5-1). 
 

The FYSI model was originally developed to assess the energy use of five of 
these for the period between 1993 and 2001 (excluding refineries). We extended the 
model to FYSI 2.0 in three steps: (i) the product scope of the total chemical sector is 
extended by 20 products from 25 to a total of 45 (ii) the refinery sector is included by 
taking into account the 13 most important processes of the sector based on 
production capacity data provided in the annual Oil and Gas Journal surveys (OGJ, 
1995-2010a) and (iii) analysis is extended until 2008.  
 

FYSI 2.0 includes for each industry: (i) the most representative products 
(from an energy point of view) which amount to a total of 122, (ii) their respective 
specific energy consumption (SEC) values (separately for electricity, fuels/heat and 
NEU) and (iii) their annual production volumes. SEC values are based on Ramírez et 
al. (2006b) (for food industry) and Neelis et al. (2007b) (for other chemical, fertilizer, 
iron and steel, non-ferrous, building materials and paper industries). We explain the 
details of our data choice for the aforementioned adaptations in Appendix 5.A. 
Production volumes of the 122 products between 1993 and 2008 were provided under 
a confidentiality agreement for the purpose of this project by the Centre for Research 
of Economic Microdata (CEREM) of Statistics Netherlands. For refinery products we 
estimated the production volumes by combining capacity data (OGJ, 1995-2010a) 
with aggregated capacity utilization rates (CBS, 2011b). For some products (e.g., 
products of the iron and steel sector, some food products), we used sources available 
from the public domain (see Appendix 5.A). We refer the reader to Neelis et al. 
(2007b) for details of the bottom-up energy use estimations. 
 

We estimate the annual energy efficiency improvements based on the 
development of the Energy Efficiency Index (EEI) for each type of energy demand 
(i.e., electricity, fuels/heat, NEU). EEIt,s of sector s is defined as the ratio of the actual 
energy use (according to energy statistics) divided by the reference energy use in year t. 
The reference energy use represents the frozen energy use of sector s based on the 
products covered in FYSI 2.0. 
 

EEI is always indexed to the base year 1995 (i.e., EEI of 1995 equals 1) as 
SEC values used in FYSI 2.0 refer to the situation in 1995 (Neelis et al., 2004). The 



131 Chapter 5 
 

 

average annual energy efficiency improvement rate (AEIR) is calculated based on the 
EEI values of the beginning (t1) and end years (tn) of the period studied. Therefore 
AEIR does not take into account the variations of EEI values which occur in 
intermediate years. We even out these variations by means of a linear fit to the EEI 
values of the entire period analyzed. Both approaches are repeated for electricity, fuel 
and heat use, NEU and primary energy use including and excluding NEU. EEI values 
less than 1 mean that energy efficiency in that year has improved relative to 1995.  
 

We exclude the contribution of combined heat and power (CHP) effect from 
the development of EEI for each sector. For this purpose, we first estimate the annual 
primary energy saving by CHP and add these values to the reported energy use 
according to the Dutch energy statistics (CBS, 2010b). We estimate the primary energy 
savings of CHPs by comparing their annual fuel utilization efficiencies according to 
the Dutch energy statistics (CBS, 2010b;2011d) with the conversion efficiencies of 
separate heat and power production systems, namely steam boilers (90% efficiency) 
and power plants (40% efficiency) (Neelis et al. 2007b) (see Appendix 5.C). 
 

5.2.1.2 Decomposition analysis 
We apply the so-called Log-Mean Divisa Index Method I (LMDI I) statistical 
decomposition analysis (developed by Ang and Liu (2001); it was earlier applied for 
the global fertilizer industry by Ramírez and Worrell (2006)), to decompose the 
change (Dtot,s) in reported energy use of sector s between year t1 (Et2) and year tn (Etn) 
into the contribution of increased production (Dprod), structural changes (Dstr,s) 
(changes in product mix; e.g., change in the share of ammonium nitrate production 
compared to the total production of the fertilizer sector) and improvements in energy 
efficiency (Dint,s). The analysis requires for each product the respective SEC values for 
the beginning and end years: 1993 and 2008 respectively. However, our default values 
refer to the base year 1995. We estimate the SEC values for 1993 and 2008 by 
correcting the 1995 SEC values with the estimated annual energy efficiency 
improvements according to AEIR. We refer the reader to the Appendix 5.B for details 
of the methodology. 
 

In a subsequent step, we break down the Dint,s to quantify the CHP effect, 
better use of production capacity91 (i.e., capacity utilization rates) and measures for 
process efficiency improvement. Finally we compare the development of EEI with 
the indicators provided in Table 5-1 to find explanations for the energy use 
developments. 

                                                 
91 The capacity utilization rate in year tn is compared with that of year t1 by assuming that 25% decrease in 
capacity utilization rates reduces the EEI by ±7%. This rule is developed based on Struker and Blok 
(1995) (steam crackers) and Ramírez et al. (2006b) (milk powder plants). This rule may differ for other 
processes. 



 

 

  L
in

kin
g h

istoric d
evelop

m
en

ts an
d

 fu
tu

re scen
arios of  

 
 

 
132

 
  in

d
u

strial en
ergy u

se in
 th

e N
eth

erlan
d

s betw
een

 199
3 an

d
 20

40
 

Table 5-1: Overview of indicators selected to explain the EEI developments. Note: All economic data expressed in real Euro are deflated to 2000. For 
this purpose, we use industry specific deflators determined based on the value added of each sector. These values differ from the consumer 
price indices for the entire economy 

Indicators Absolute units 
of indicators 

Data quality and availability 
Definitions / system 
boundaries 

References 
(Y)es / (L)imited 

/ (N)o Period Indicator mentioned Data source 

CHP % Y 1982-2008 

Primary energy savings 
over total primary energy 
use. Covered under 
decomposition analysis. 

Urban (1994); van Dril (1999); 
Farla and Blok, (2000); 

Boonekamp et al. (2002); 
Neelis et al. (2007b) 

CBS (2010b; 
2011d) 

Capacity utilization 
rate % Y 1990-2008 Sector level data is 

available Farla et al. (1998) CBS (2010b; 
2011b) 

Fuel substitution % Y 1982-2008 
Share of natural gas used 
as fuel over total primary 
energy use (excl. NEU) 

Ramirez et al. (2005) CBS (2010b) 

Energy intensity GJ/€ value 
added Y 1982-2008  

Total primary energy use 
divided by sector's total 
value added 

van Dril (1999); Farla and Blok 
(2000); Boonekamp et al. 

(2002) 
CBS (2010a;b) 

Energy prices €/GJ L 1982-2008  End-user prices including 
taxes 

Urban (1994); Boonekamp et 
al. (2002), Ramirez et al. (2005) CBS (2011a;g) 

Investments (in 
machinery and capital) million €/yr L 1980-2008 

1995-2008 
Total investments in fixed 
capital Farla et al., (1998) CBS (2011c) 

Energy efficiency 
policies N/A N 

1993-2000 
(LTA-1) 

1999-2007 
(BC) 

Periods where LTAs and 
BC were in effect are 
separately analyzed 

van Dril (1999); Farla and Blok 
(2002); Ramírez et al. (2006b); 

Neelis et al. (2007b) 
Boonekamp et al. (2002) 

- 



133 Chapter 5 
 

 

5.2.2 Projections of industrial energy use: 2008-2040 
To account for technological progress, we determine the SEC of each product 
included in FYSI 2.0 for the period between 2008 and 2040 as follows (see Figure 5-2 
for definitions) (see Appendix 5.D): 

(i) Frozen scenario: SEC values of all industrial production processes remain 
identical to the current average SEC values in 2008, 

(ii) Business as Usual (BaU) scenarios: SEC values of all industrial 
production processes improve based on the EEI results between 1989 
and 2008 and/or based on literature review. We develop a total of four 
cases which imply a continuation of the energy and climate policy setting 
in the last two decades until 2040, namely BaU (1): weak policy 
environment (based on 1999-2007); BaU (2): strong policy environment 
(based on 1989-2000); BaU (3): autonomous improvements (based on 
1989-1996; i.e., no covenant effect; BaU (4): the period when the 
physical/economic production growth projections until 2040 are similar 
to the historical developments (i.e., 1995-2008), 

(iii) Best Practice Technology (BPT) scenario: SEC values of all industrial 
processes will reach the level of current BPTs by 2025. The SEC values 
of the BPTs will improve until 2025 at the same rate as the most efficient 
region and the ‘top-of-the-world’ is expected to improve (between 0.2 
and 0.8% p.a.) (Phylipsen et al., 2002; VBE, 2008), 

(iv) New and Emerging Energy Efficiency Technology (EME) scenario: This 
scenario follows the technology development of the BPT scenario until 
2025. From 2025 onwards new and emerging technologies are assumed 
to be implemented which are currently not commercially available, 

(v) Optimistic technology development (OTD) scenario: It is assumed that 
the gap between the theoretical minimum energy use and the SEC values 
of the current BPTs of individual production processes will be closed by 
half in 2040 (based on e.g., Blok, 2004; Cullen et al., 2011). The 
theoretical minimum energy use values for the products are partly based 
on a literature review (see Figure 5-3). For other products, we estimate 
the theoretical values ourselves assuming an exergetic efficiency of 100% 
(Cullen and Allwood, 2010). 
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Figure 5-3: Comparison of SEC values for the current average situation in the Netherlands, the 

current BPTs worldwide and the theoretical minimum for the production of selected 
products. All data is expressed in GJ final energy per tonne of product and refer to 
the situation in 2008 (see Appendix 5.C) 

 
We estimate the future absolute energy use (in PJ/yr) by multiplying the 

estimated SEC value of each product with the production volume forecasts. 
Production volumes are determined based on the current production volumes (2008) 
and the production growth rates according to the ECN/PBL (2010a) (see Table 5-2). 
These projections are used by ECN/PBL and other organizations to develop 
scenarios for energy use, CO2 emissions and air pollution in the Netherlands under 
various economic, structural, technological and policy boundary conditions and they 
serves as reference for policy making in the Netherlands. We do not model the stock 
of production processes and instead assume that processes will converge to the target 
SEC level by a predetermined year (e.g., Groenenberg et al., 1999). Our approach is 
valid given the relatively old industrial capital stock in the Netherlands (e.g., above 20 
years for the chemical sector (IEA, 2009; Lako, 2009)) and the possibility to replace 
this stock with BPTs within the next few decades92. Material efficiency improvements 

                                                 
92 Based on the typical lifetime of 40-50 years old assumed in modelling studies, e.g., Worrell and 
Biermans (2005).  
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(see e.g., Eichhammer, 2010; Allwood et al., 2011) and energy saving potentials which 
are beyond the boundaries of production processes are excluded. Furthermore, 
potentials of other low-carbon technologies (e.g., CO2 capture and storage (CCS), 
renewable fuel and raw material sources) which may increase or decrease industrial 
energy use are also excluded. However, we take into account fuel switching in our 
SEC values when accounting for the characteristics of the energy efficiency 
technologies (e.g., fuel efficient, but typically more electricity intensive than current 
average technology). Since CHP is an important source of heat and electricity in the 
Netherlands, we estimate its potentials separately for each scenario. We do this by 
assuming that all low and medium temperature heat demand of the sector could be 
provided by CHP. If due to new additional capacity, co-generated electricity exceeds 
the sector’s demand, we assume that there are adequate market conditions to sell 
surplus production to the grid. We evaluate possible technology developments in CHP 
(e.g., higher power-to-heat ratios, higher capacity utilization rates, and higher fuel 
conversion efficiencies) in a separate sensitivity analysis (see Appendix 5.C). 
 
Table 5-2: Annual production growth rates of the most important production processes in the 

Dutch industry measured in physical and economic terms. All data is expressed in % 
p.a. We assume an uncertainty range of ±30% for these data measured in physical 
terms. Source: ECN/PBL (2010a) 

  Physical Economic 
 2008-2025 2025-2040 2008-2025 2025-2040 
Total chemical 
  Olefins/aromatics 1.1 1.0 

1.6 1.4 
  Inorganics 0.3-1.0 0.3-1.0 
  Other chemicals 2.9 1.2 
  Ammonia -0.2 -0.3 
Basic metal 
  Primary steel 2.3 1.4 

1.7 1.4 
  Secondary steel 1.2 1.5 
  Pig iron (or hot metal) 2.3 1.3 
  Non-ferrous metals 1.2 1.4 
Refineries 
  All products -0.1 -0.3 0.5 0.3 
Food 
  Dairy 1.2 0.8 

0.9 1.1 
  Starch, oil and fat 0.7 1.0 
Paper 
  Paper manufacturing 0.6 1.7 

1.4 2.1 
  Paper products 0.6 1.0 
Building materials 

  Clinker Close down 
by 2020 N/A 

1.3 1.4 
  Bricks and cement 0.8 1.2 
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5.3 Results and discussion: Energy use developments between 1993 and 

2008 
5.3.1 Realized annual energy efficiency improvements 
We now present our results for the realized annual energy efficiency improvements 
covering the period between 1993 and 2008. According to Figure 5-4, we estimate 
1.0% p.a. (95% confidence intervals between -0.3% and 2.3%) and 1.4% p.a. (95% 
confidence intervals between 1.0% and 1.8%) energy efficiency improvements for the 
total industry according to the AEIR and the linear fit (by ordinary least squares) 
methodologies respectively (excl. NEU). The annual improvements in electricity use 
and fuels and heat use are estimated at 0.7% p.a. and 1.5% p.a. according to the AEIR 
respectively and 1.0% p.a. and 1.8% p.a. according to the linear fit respectively. We 
observe that both approaches, with and without linear fit, lead to quite similar 
improvement rates and the differences in the estimates are acceptable since the 
averages fall within the confidence intervals. Therefore from now onwards we limit 
the comparison to AEIR (without linear fit). 
 

There are substantial differences in the primary energy efficiency 
improvement estimates (excl. NEU) across individual sectors, ranging from 0% p.a. 
for the paper sector to 1.6% p.a. for the refineries (see Figure 5-4). For individual 
sectors, there are further differences between the annual improvements for fuels and 
heat, electricity and primary energy use with and without NEU. We discuss these 
below: 

• Refineries (2.2% p.a.), the food (2.1% p.a.) and the building materials (2.1% 
p.a.) sectors improved their fuels and heat use efficiency by more than 2% 
p.a. In contrast, the improvements in the paper (0.7% p.a.) and the total 
chemical sectors (0.8% p.a.) were less than 1% p.a. The basic metal sector 
improved its fuels and heat use efficiency by 1.4% p.a. 

• Electricity use accounts for more than 20% of the total primary energy use 
(excl. NEU) of the non-ferrous metals, paper and food sectors. The efficiency 
of electricity use improved by 0.8% p.a. for the non-ferrous metals sector. In 
contrast, more electricity was used by the paper (-1.0% p.a.) and the food  
(-0.2% p.a.) sectors. 

• NEU improved by 0.4% p.a. for the basic metal sector and it strongly 
decreased for the total chemical sector, namely by -3.0% p.a.  

 
A substantial decrease in NEU efficiency of the total chemical sector is 

unexpected because the yields in large-scale chemical processes typically improve in 
very small steps. In line with our expectations, we estimated -0.1% p.a. changes 
between 1995 and 2003. However, we estimate a decrease of -2.2% p.a. between 1993 
and 2003 and between 2003 and 2008, the decrease is as high as -7.4% p.a. We 
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attribute these changes to errors in the Dutch energy statistics in the years before 1995 
and after 2003, namely: (i) wrong allocation of energy use and not fully complying 
with the statistical definitions of NEU as indicated by the Dutch energy statistics (net 
definition of NEU; Patel et al., 2005; Neelis et al., 2005a) while we expect that total 
reported energy use including NEU is correct (Weiss et al., 2008; Saygin et al., 2011a) 
(see Chapter 3) and/or (ii) misreporting of process energy use of chemical companies 
which are integrated with the refineries. Regarding the second item, production of 
hydrogen, which consumes large quantities of feedstock (120 GJ/t) and fuel (50 
GJ/t), is particularly important since it is classified as a chemical according to the 
production statistics. However, in reality most production takes place in refineries and 
therefore its energy use could be wrongly assigned to the chemical sector, especially in 
refineries which are integrated with chemical plants. Additionally, production volumes 
of the refineries are subject to uncertainty because they are estimates from capacity 
data in combination with aggregated capacity utilization rates for the total activity of 
the Dutch refineries (CBS, 2011b).  
 

We continue with reporting the annual energy efficiency improvements 
including NEU, assuming that the total of process energy use and NEU is correct (in 
view of different possibilities for allocating total energy use to process energy and to 
NEU (Patel et al., 2005). Including NEU, we find essentially no changes of (-0.1% 
p.a.; 95% confidence intervals between -1.5% and 1.4%). By excluding the total 
chemical sector and the related NEU which are both uncertain, we estimate annual 
primary energy efficiency improvements of 1.3% p.a. If for the same reason refineries 
are also excluded, we estimate the annual energy efficiency improvements as 1.1% p.a. 
We consider these latter results which cover the total of basic metal, food, paper and 
building materials to be subject to lower degree of uncertainty than the results 
including the total chemical sector and/or refineries. 
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Figure 5-4: Annual energy efficiency improvements estimated by FYSI 2.0 for the period 1993-

2008 according to the AEIR and the linear fit methodologies. Values larger than 0 
mean energy efficiency improvements. Error bars refer to 95% confidence intervals 
of the estimates 

 
5.3.1.1 Comparison of FYSI 2.0 results to other studies 

We compare the findings of the FYSI 2.0 with the findings from other studies to 
show the significance of our work for a longer period of time and to validate the 
plausibility of our estimates: 

(i) Farla and Blok (2000) estimated the annual energy efficiency 
improvements in the Dutch industry between 1980 and 1995 based on 
the same methodology. A comparison is possible for the basic metal, 
building materials and paper sector (see Table 5-6). The total of these 
three sectors improved their primary energy efficiency by 0.9% p.a. 
(Neelis et al., 2007b) between 1980 and 1995, which is essentially identical 
to the findings of FYSI 2.0 between 1995 and 2008 (0.8% p.a.).  

(ii) Neelis et al. (2007b) estimated the annual energy efficiency improvements 
between 1995 and 2003 (excluding the refineries and the food sector) (see 
Table 5-6). According to FYSI 2.0, the total of basic metal, paper and 
building material sectors improved their primary energy efficiency at a 
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similar rate between 1995 and 2008 compared to 1995 and 2003 (1.2% 
p.a.). While the rate of improvements in the paper and building materials 
sectors decreased slightly, the efficiency improvement in the basic metal 
sector remained same including NEU (1.0% versus 1.1% p.a.) or also 
decreased excluding NEU (1.2% versus 1.7% p.a.). In the food sector, 
energy efficiency has improved slightly between 1993 and 2008 (1.2% 
p.a.) compared to the period between 1993 and 2001 (1.0% p.a.; Ramirez 
et al., 2006b). Given the errors in total chemical sector’s energy statistics 
after 2003, we do not make a comparison. 

 
We now extend the comparison (for primary energy use excluding NEU, but 

including CHP savings) to the results of the covenants, namely LTA-1 (effective 
period covered in this study: 1993-2000) and the Benchmarking Covenant (effective 
period covered in this study: 1999-2007): 

(i) According to LTA-1, the Dutch industry improved its energy efficiency 
by 2.3% p.a. between 1989 and 2000. This is much higher than the FYSI 
2.0 estimates of 1.2% p.a. between 1993 and 2000 for the total of six 
sectors (excl. CHP savings, 0.9% p.a.). The comparison at sector level 
shows that the annual primary energy efficiency improvements match 
only partly for the refineries (1.3% versus 1.0% p.a.), food (1.4% versus 
2.0% p.a.) and the paper (1.4% versus 2.2% p.a.) sectors, but not for 
others (i.e., total chemical, basic metal and building materials sectors) (see 
Table 5-6). 

 
Differences are partly explained by the different time frames of EEI 
compared, namely: 1993-2000 for FYSI 2.0 versus 1989-2000 for LTA-1, 
but are mainly due to the following reasons: (i) product scope 
(completeness of the analyses indicated by the coverage), (ii) while in 
FYSI 2.0 incomplete bottom-up energy use estimates are compared to 
the sector’s total energy use which covers all products, the covenants are 
limited to the products manufactured by the participating companies, and 
(iii) differences in the quality of bottom-up data (e.g., SEC values, 
production statistics, energy statistics). We expect the first two items to 
have less impact since both LTA-1 (Farla and Blok, 2002) and the FYSI 
2.0 covers more than 70% of total final industrial energy use. Ramirez et 
al. (2006b) and Neelis et al. (2007b) showed that the SEC values and 
production statistics which constitute the reference energy use are less 
critical as their reference energy use estimates matched well with the data 
from LTA-1 (between 1989 and 2000). In contrast, Neelis et al. (2007b) 
explain for the total chemical industry that differences remain in the 
realized energy use despite efforts to harmonize reported data. For the 



Linking historic developments and future scenarios of 
industrial energy use in the Netherlands between 1993 and 2040 

 

140 

basic metal sector, LTA-1 includes coke production which is outside the 
boundaries of FYSI 2.0. 

(ii) Table 5-3 shows the comparison of the annual primary energy efficiency 
improvements according to FYSI 2.0 and the Benchmarking Covenant 
estimated according to data from VBE (2008) (between 1999 and 2007). 
During this period, we estimate annual energy efficiency improvements 
of 1.8% p.a. (excl. NEU) which is much higher than covenant data (0.5% 
p.a.). At sector level we find similar estimates for the food and building 
materials sectors and we regard the differences in the basic metal sector 
as acceptable since the covenant estimates fall within the confidence 
intervals of FYSI 2.0. For the paper sector and the refineries, 
improvements estimated according to FYSI 2.0 and the covenant data 
point to different directions and there are large differences in the total 
chemical sector estimates. 

 
The differences in the annual energy efficiency improvements between 
FYSI 2.0 and the Benchmarking Covenant are explained by the same 
reasons as given above for LTA-1 (see above). However, based on a 
comparison of the developments of the reference energy use (see 
Appendix 5.A and below), we regard the effect of the first two reasons to 
be higher for the case of the Benchmarking Covenant (i.e., differences in 
product scopes, approximating the developments in the product scope to 
the rest of the sector’s energy use). In view of these differences, we now 
discuss below in more detail the background data of FYSI 2.0 and the 
Benchmarking Covenant: 
• The reference energy data used in both analyses have similar trends 

for the total chemical, basic metal and the building materials sectors 
(in the entire period). For refineries and the paper sector, similarities 
exist until 2005/2006 with deviations in the last two years. For the 
food sector, there are considerable differences between the two 
trends. 
 
In both analyses, reference energy use values are bottom-up estimates 
based on either literature or company energy use data for the base 
year of the analysis. While we expect minor differences across 
production volumes used for this purpose (with the exception of 
refineries), company-based energy data are expected to be more 
reliable than the literature based SEC data. Furthermore, given the 
differences in energy use coverage of the analysis (indicating the 
completeness of the product scope from an energy point of view) of 
the refineries and the food and paper sectors in FYSI 2.0, EEI 
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developments do not seem to sufficiently capture the structural 
changes consistently, which may explain the differences in the annual 
energy efficiency improvements, 

• Realized energy use according to the Dutch energy statistics and the 
covenant data match well for the refineries and the basic metal and 
building materials sectors in the entire period except for 2006/2007 
(Dutch energy statistics are slightly higher than the covenant data in 
the most recent years). Similarities may be explained by the limited 
number of plants in these sectors (i.e., one single integrated iron and 
steel plant, one cement plant and six refineries), allowing accurate 
monitoring. However, the inconsistencies in the development of the 
reference and realized energy use data of the refineries in the most 
recent years yield differences in energy efficiency improvement 
estimates. 

• For the total chemical sector, the trends for reference energy use are 
similar; however, energy use as reported by the Dutch energy 
statistics is decreasing from 2004 onwards while it keeps increasing in 
the entire period according to the Benchmarking Covenant. 
Therefore our annual energy efficiency improvement estimates (2.5% 
p.a.) are by a factor five higher than according to the Benchmarking 
Covenant (0.5% p.a.). These discrepancies in energy use of the total 
chemical sector and refineries (see above) in most recent years 
(despite similar trends in all other years) confirm our earlier finding 
that there is possible misreporting of process energy use between the 
two sectors in Dutch energy statistics. 

• For the food sector, energy use data according to Dutch energy 
statistics and covenant data hardly matches in the entire period. 
Mismatches in the datasets are explained by the differences in the 
sub-sector coverage. However, given the higher energy coverage of 
our analysis, we consider our estimates more representative. 

 
Based on communication with statisticians, government officials and experts 

on the covenants, we regard the energy use values according to the covenants more 
reliable compared to energy statistics, particularly for sectors where heat and material 
flows are complex (e.g., chemical sector, refineries) (Agentschap NL, 2011). Revisions 
in energy statistics can help to improve the findings of FYSI 2.0 and currently 
Statistics Netherlands started revising the values reported under the NEU component 
of the other chemical sector (CBS, 2012). However, earlier experience shows that it 
can take several years before energy statistics are revised to account for the remaining 
errors (CBS, 2011g).  
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Between 1989 and 2000, the period of LTA-1, annual energy efficiency 
improvements were as high as 2.3% p.a. According to Rietbergen et al. (2002), LTA-1 
accounted for between 18% and 53% of the total savings with the remainder being 
autonomous improvements (analysis for 1989-1996). During this period, fiscal 
instruments favouring CHP (e.g., subsidies, reduced tax on natural gas) led to 
doubling of the industrial CHP capacity (from 1.6 GWe in 1989 to 3.2 GWe in 2000, 
excluding refineries) which contributed to further primary energy savings (not 
included in the annual energy efficiency improvements discussed above; Appendix 5.C 
for details). Based on the comparison of FYSI 2.0 and the Benchmarking Covenant 
which we regard the improvements based on covenant data more reliable, we show 
that the Dutch industry improved its primary energy efficiency excluding NEU by 
only 0.5% p.a. in the period between 1999 and 2007. One would expect the 
combination of autonomous energy efficiency improvements and the Benchmarking 
Covenant to lead to higher improvements (e.g., 2.0% p.a.). However, the 
improvements found are even lower than the autonomous improvements achieved 
during the LTA-1 period. IEA/IIP (2011) puts forward a number of possible reasons 
to explain the low achievements in the Netherlands: (i) the low ambition level of the 
targets, (ii) decreasing commitment to the voluntary agreements (e.g., due to 
internationalization of the parent companies), and (iii) competition of energy cost 
benefits with benefits of measures that are not related to energy use. de Buck et al. 
(2010) and others (e.g., AR, 2011) also discuss that Benchmarking Covenant had only 
minor effect.  
 
Table 5-3: Comparison of the annual primary energy efficiency improvements estimated by 

FYSI 2.0 and reported according to the Benchmarking Covenant, 1999-2007. 
Sources: own estimations; VBE (2008); CBS (2010b) 

Sector 

FYSI 2.0 Benchmarking Covenant 
AEIR 
(incl. 
CHP) 

AEIR 
(excl. 
CHP) 

Reference 
energy use 
(1999) 

AEIR 
(incl. 
CHP) 

Reference 
energy use 
(1999) 

(% p.a.) (% p.a.) (PJ/yr) (% p.a.) (PJ/yr)  
Total chemical (incl. NEU) -0.1 -0.5 588 N/A N/A 
Total chemical (excl. NEU) 2.5 2.4 242 

0.5 327 
Other Chemical 
(excl. NEU) 2.6 2.5 211 

Fertilizer (excl. NEU) 0.1 0.4 31 
Basic metal (incl. NEU) 1.3 1.3 147 N/A N/A 
Basic metal (excl. NEU) 1.5 1.5 94 

0.8 111 Iron and steel (excl. NEU) 1.5 1.6 46 
Non-ferrous (excl. NEU) 1.4 1.3 48 

Refineries 0.8 1.3 133 0.1 152 
Food1 1.4 1.5 85 1.3 57 
Paper -0.3 0.2 41 0.6 27 
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Sector 

FYSI 2.0 Benchmarking Covenant 
AEIR 
(incl. 
CHP) 

AEIR 
(excl. 
CHP) 

Reference 
energy use 
(1999) 

AEIR 
(incl. 
CHP) 

Reference 
energy use 
(1999) 

(% p.a.) (% p.a.) (PJ/yr) (% p.a.) (PJ/yr)  
Building materials 0.6 0.6 30 1.2 97 
Total industry 
(incl. total chemical, NEU) 0.4 0.6 1,024 N/A N/A 

Total industry (incl. total 
chemical, excl. NEU) 1.8 1.9 625 0.5 698 

Total industry 
(excl. total chemical, NEU) 1.2 1.4 383 0.5 371 

Total industry (excl. total 
chemical, NEU, refineries) 1.3 1.5 250 0.9 260 

1 We combine the results of the Benchmarking Covenant with LTA-2. Savings for LTA-2 are corrected 
for the effect of savings from product chain efficiency measures and increased renewable energy use 
which are excluded from FYSI 2.0. 
 
5.3.2 Results of the decomposition analysis and comparison of EEI with 

selected indicators 
Table 5-4 summarizes the results of the decomposition analysis. In the total industry, 
production growth contributed most to the higher total primary energy use which 
increased from 1,230 PJ to 1,463 PJ in 1993 by +233 PJ (equivalent to 19% and 25% 
including and excluding NEU respectively). Contribution of structural changes (i.e., 
the changes in product mix) is estimated at +68 PJ (incl. NEU; excl. NEU only 34 PJ) 
which is by a factor three lower compared to the effect of production growth. As 
mentioned in the previous section, FYSI 2.0 estimates practically no changes in 
industrial energy efficiency for the total of six sectors between 1993 and 2008 (incl. 
NEU) which leads to a minor decrease in the total primary energy of 1 PJ (including 
CHP 14 PJ). On the other hand, when we exclude NEU, we find a decrease of total 
primary energy use by -161 PJ due to energy efficiency improvements (excluding 
CHP) which offsets much of the increase in energy use from production growth. 
NEU increased rapidly by +219 PJ between 1993 and 2008. Approximately 80% of 
the total energy efficiency improvements (excl. NEU) is due to the improvements in 
industrial processes (127 PJ) and the remainder is shared between better capacity use 
(13%; 21 PJ) and savings by CHP (8%; 13 PJ). Below we discuss the most important 
findings for individual sectors: 

(i) Much of the increase related to production growth is covered by the 
three most energy-intensive sectors, namely refineries and the total 
chemical and basic metal sectors (205 PJ). This is equivalent to +20% 
increase in their total primary energy use compared to the 1993 level 
(incl. NEU),  
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(ii) Structural changes resulted in a large increase in the total energy use of 
refineries by about 56 PJ: from 225 PJ to 280 PJ (+25% increase) due to 
more complex processing. We observe the second highest contribution 
of structural changes in the building materials (+10%) by +5 PJ and the 
total chemical sector (-8%) by -38 PJ (excl. NEU). This is mainly due to 
the increase in the production of paving bricks and glass in the building 
materials sector and due to the decreased in the production of various 
basic chemicals (e.g., methanol, xylenes, butadiene) and inorganics (e.g., 
soda ash, urea) in the total chemical sector. As a result of the continuous 
increase in ethylene production (represented by the steam cracking 
process which accounts for more than 80% of the sector’s total NEU 
according to FYSI 2.0) and the stagnant productionof all other NEU 
consuming processes, structural changes are lower (estimated at -4 PJ) 
when the total chemical sector’s energy (incl. NEU) is analyzed, 

(iii) As a result of improvements in energy efficiency, the refineries (60 PJ) 
and the building materials sector (12 PJ) reduced their primary energy 
use by about 21% compared to the reference energy development. In 
refineries, process efficiency measures explain most improvements (62 
PJ). CHP increased the primary energy use by 4 PJ (see Appendix 5.C for 
details). With energy efficiency improvements of 24 PJ (or 15%) and 15 
PJ (or 8%), the food and basic metal sectors follow the refineries and the 
building material sector. Process efficiency improvements are more 
important than savings from CHP and better capacity use. As an 
exception, in the basic metal sector all improvements are estimated to 
originate from better capacity use (-16 PJ). However, a part of the latter 
savings may be considered as artificial because they are related to 
increased capacity use of a new steel plant between 2000 and 2008 (full 
operation). Another part of the savings discussed is related to process 
efficiency improvements. However, we do not know the actual 
relationship between capacity use and SEC for the iron and steel sector 
which would be required to estimate this share. 

 
Excluding NEU (but correcting for production growth and structural 
changes), energy efficiency improvements reduced the total chemical 
sector’s energy use by -50 PJ from 442 PJ to 392 PJ (-8%). Various 
process efficiency measures contributed 30 PJ to these savings (-80%), 
followed by CHP (16 PJ; -32%). The remainder is from better capacity 
use (-4 PJ). Including NEU, there are no energy efficiency 
improvements, but an actual increase of +110 PJ due to increased non-
energy use by +200 PJ. This is around a quarter of the sector’s total 
primary energy use (815 PJ). However, all findings for the total chemical 
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sector are subject to large uncertainties due to errors in energy statistics 
as we earlier discussed.  

 
Our findings (excl. the total chemical sector and the refineries) for the total 

energy efficiency improvements achieved between 1993 and 2008 (-11% or -52 PJ) 
compare well with the findings from CPB (2011) which are based on a decomposition 
analysis using value added data (-14%; between 1993 and 2005). In line with their 
results, we find that the structural changes contributed to a negligible increase of 
+3.6% between 1993 and 2008 for the same sectors which compares to +3% as 
found by CPB (2011). 
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Table 5-4: Summary of the decomposition analysis for each sector and for the total industry between 1993 and 2008. Results are shown separately with 
and without NEU of the total chemical sector. All data is expressed in PJ of primary energy use per year 

 
Total 
chemical 
(incl. NEU)1 

Total 
chemical 
(excl. NEU) 

Basic 
metal Refineries Food Paper Building 

materials 

Total 
industry 
(incl. NEU)1 

Total 
industry 
(excl. NEU) 

1993 (estimated)2 653 348 154 187 135 52 49 1,230 925 
Production increase +132 +132 +45 +38 +17 +2 +3 +248 +233 
Structural changes -4 -18 -1 +56 +6 -1 +5 +79 +34 
Improvements in 
energy efficiency3 -110 +50 +15 +60 +24 +1 +12 +1 +161 

  CHP -16 -16 0 +4 -1 0 0 -13 -13 
  Better capacity use -4 -4 -16 -1 +1 0 0 -21 -21 
  Process efficiency  
  improvements  +130 -30 0 -62 -24 0 -12 +33 -127 

2008 (estimated)3 892 418 187 189 131 54 42 1,540 1,016 
2008 (reported)4 907 383 178 182 124 47 42 1,481 956 

1 NEU data in this column refers to the relevant products of the total chemical sector only. 
2 Reported primary energy use excluding the CHP primary energy savings in that year (i.e., assuming all heat and electricity output of the CHP capacity is 
generated from boilers and power plants). 
3 Improvements in energy efficiency is the sum of primary energy savings, from CHP, better capacity use and improved energy efficiency. Positive values are 
energy savings. Improvements due to better capacity use and improved energy efficiency are covered under the EEI values. 
4 Reported primary energy use according to Dutch energy statistics. 
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Figure 5-5 provides a comparison of the EEI development and the selected 
indicators between 1993 and 2008 for the total industry and Table 5-5 gives the details 
for each indicator at sector level. The reference energy use of the total industry 
indicates that the aggregated physical production growth (1.3% p.a.) tends to grow 
slower than the total value added (production growth measured in economic terms) 
(2.7% p.a.). If we estimate the energy efficiency improvements based on economic 
indicators (i.e., based on value added) (CBS, 2010a) instead of physical indicators, we 
estimate annual primary energy intensity improvements of 1.0% p.a. as opposed to -
0.2% p.a. according to EEI (incl. NEU, but excluding the building materials sector 
due to lack of data availability). This is similar to the 1.0% p.a. improvements 
according to the CPB (2011) (excl. refineries and for 1993-2005). The increase in value 
added of the total industry could be explained by the high commodity prices prior to 
the start of the economic crisis in 2008. Refineries and the total chemical and basic 
metal sectors93 almost doubled their value added.  
 

Among all indicators, we observe the highest annual change for the energy 
prices (Figure 5-5). In the total industry, the aggregated energy price for all energy 
carriers remain approximately constant between 1993 and 2000 at ~5 € (Euro2000) per 
GJ. It then gradually increases to ~9 €/GJ by 2008. This is equivalent to an average 
increase of 4.6% p.a. between 1993 and 2008 (CBS, 2011a), with natural gas (6.6% 
p.a.) and light (7.1% p.a.) and heavy oil products (7.3% p.a.) showing the highest 
annual change and electricity the lowest (2.6% p.a.) (CBS, 2011a). Between 1999 and 
2007 when energy prices were increasing, the share of energy costs compared to the 
value added grew by 1.4% p.a. (CBS, 2010a;2001a;e)  
 

Based on the surging energy prices one may expect a substantial improvement 
of energy efficiency, which we, however, do not observe. This could be explained by 
the following (based on historical experience as reported in literature): (i) the relatively 
low share of energy costs (5-20%) in most sectors (Ramirez et al. 2005) (ii) unclear 
long-term development of energy prices (e.g., Boonekamp et al., 2002; Steinbuks and 
Neuhoff, 2010; Hasanbeigi et al., 2010) and (iii) therefore possible delay between the 
increase in energy prices and investments for energy conservation measures. As Figure 
5-5 further shows, there is no clear trend in investments during period of high energy 
price, except for a slow increase in 1993-2000 and a slow decrease in 1999-2007. 
Increasing investments in 1993-2000 could be explained by economic growth (and 
increasing exports) (CBS, 2011c) since expenditures for new capacity and for other 
purposes increase as the economy develops (Boonekamp et al., 2002). This also 
                                                 
93 For refineries, this is indicated by the aggregated Nelson Complexity Index (NCI) of the six refineries 
in the Netherlands which grows by 1.7% p.a. between 1995 and 2008. NCI increases from 6.2 in 1995 to 
7.8 in 2008. Index values for individual refineries range from as low as 3.4 to as high as 8.2 (IPTS/EC, 
2012a). We apply the generalized complexity index for each refining processes as provided by Reliance 
(2011). 
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provides partial explanations (some investments are routed to energy efficiency 
projects) for the improvements in energy efficiency in this period. Where energy 
prices were high (also where energy costs increase), short term solutions such as 
retrofitting existing plants (e.g., optimizing plant setting, replacing old equipment) or 
reducing energy use by other means could have been the preferred options instead of 
more costly large scale investments. This could explain the relatively low rate of 
energy efficiency improvements we observed between 2000 and 2008. In general, 
without the presence of long term high energy prices, investments for high energy 
efficiency equipment may not happen. Investments can also deteriorate energy 
efficiency as FYSI 2.0 indicates for the food and paper sectors. The food sector 
invested in new technology to meet the changes in consumer demand (e.g., high value 
added products, smaller packaging) and due to the increasing health and hygiene 
requirements (e.g., more refrigeration) (Ramirez et al., 2006a,b; SenterNovem 2003-
2008). For the paper sector, electricity intensive, but fuel efficient papermaking 
technologies were implemented (e.g., shoe press) (Smurfit Kappa, 2012); see the 
results of the monitoring analysis on Section 5.3.1). To be able to effectively judge the 
developments and the purpose of investments, more statistical data and information 
are required which would allow distinguishing between the savings from new 
constructions and retrofits (e.g., Worrell and Biermans (2005)). 
 

Capacity utilization rates of the total industry remained stagnant between 
1993 and 2008 with minor changes in intermediate years (Figure 5-5) (CBS, 2011b), 
suggesting a very limited role as driver for energy efficiency improvement (see Table 
5-3). An exception is the basic metal sector to which all energy efficiency 
improvements are attributed to. However, higher capacity utilization rates may have 
contributed to the increase in the electricity consumption of the paper sector due to 
higher operation speeds of papermaking machines in addition to other reasons such as 
investments in electricity intensive technologies and the changes in the raw 
material/feedstock quality (KCPK, 2012; Smurfit Kappa, 2012). 
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Figure 5-5: Development of the EEI (including and excluding NEU), 1993-2008 (a) and 

development of the selected technical and economic indicators based on Table 5-1 
(indexed), 1993-2008 (b). Sources: CBS (2010a,b;2011a,b,c) 

 
Table 5-5: Annual growth rates of the selected indicators with a breakdown by 

sectors (in %/yr). For each sector, first, second and third rows 
represent the developments for 1993-2008, 1993-2000 and 1999-2008 
respectively. Sources: CBS (2010a,b; 2011a,b,c) 

 

Reference 
energy use 
(incl. NEU) 

Value 
added1 

Energy 
prices 

Ratio of 
energy 
costs2 

Investme
nts 

Capacity 
util. rates 

Share of 
natural gas 
(excl. NEU) 

Total 
chemical 

1.0 5.1 5.8 2.2 2.0 0.2 -4.2 
1.6 5.2 6.2 -0.7 7.4 0.5 -2.6 
0.5 4.9 8.1 6.5 -2.5 0.0 -4.9 

Basic 
metal 

1.5 3.0 4.3 3.1 -2.5 2.1 -0.8 
0.7 3.6 3.4 -0.7 11.8 3.8 1.2 
1.9 2.8 7.7 5.1 -12.0 2.6 -2.1 

Refineries 
2.7 0.8 7.0 -0.6 -4.0 0.1 5.8 

2.9 -3.2 4.3 3.8 -15.8 0.6 5.2 
3.4 5.6 15.7 -0.6 7.6 -0.1 5.2 

Food 
0.9 1.7 3.7 2.6 -2.0 0.0 -0.2 

1.5 2.1 2.2 2.1 -1.2 0.4 0.4 
0.4 1.4 7.7 4.7 -2.4 -0.2 -0.6 

Paper 
-0.3 1.9 4.1 4.3 -0.5 0.1 -1.2 

1.4 3.3 3.0 1.9 4.7 -0.1 -1.3 
-1.2 0.9 7.7 7.8 -4.2 0.3 -1.0 

Building 
materials 

0.6 N/A 3.4 N/A 0.1 -0.3 0.7 
1.4 N/A 1.5 N/A 4.2 0.0 1.1 

-0.2 N/A 7.7 N/A -3.0 -0.4 0.4 

Total 
industry 

1.4 2.7 4.6 1.4 0.0 0.3 -2.3 
1.8 2.6 4.2 1.8 2.0 0.8 -1.3 
1.1 2.8 7.7 3.3 -1.5 0.2 -2.8 



Linking historic developments and future scenarios of 
industrial energy use in the Netherlands between 1993 and 2040 

 

150 

1 Data exclude pharmaceuticals (24.4) since this sector accounts for about one-third of the total chemical 
sector’s value added, but only a minor share of its energy use. 
2 Data cover the period between 1993 and 2006 since absolute energy cost values are not published for 
2007 and 2008. 
 
5.4 Results and discussion: Scenario analysis and energy use developments 

until 2040 
We now develop energy use scenarios for the Dutch industry for the period between 
2008 and 2040 quantify the annual improvement potentials according to the existing 
knowledge of energy saving technologies and compare them to the historical annual 
improvement rates (compare the 1995 SEC values according to Neelis et al. (2007b) 
with the SEC values of each scenario in Appendix 5.D). Based on the production 
growth rates of the industry according to ECN/PBL (2010a) (see Table 5-2), Figure 
5-6 and Figure 5-7 provide a summary of the results of the scenario analysis for the 
total industry (separately expressed as EEI and in absolute values). In the BaU 
scenarios we project annual improvement potentials of 0.6-1.8 % p.a. (based on four 
cases) by assuming similar dynamics as observed between 1989 and 2008 (see Section 
5.3). Higher annual improvement potentials of 2% p.a. and beyond can be reached in 
the BPT scenario until 2025 (2.1 ± 1.3% p.a.; in this section we express the 
confidence intervals as ± after we present the average value), and in the EME and the 
OTD scenarios until 2040 (2.0 ± 0.5% and 2.2 ± 0.7% p.a. respectively; all compared 
to the frozen efficiency scenario). These potentials are by a factor four higher than 
what has been achieved between 1999 and 2007 (VBE, 2008) and about two times 
higher than the FYSI 2.0 estimates for the period between 1993/1995 and 2008 (1.1% 
p.a. excl. total chemical sector and refineries). These improvements could reduce 
Dutch industry’s total primary energy use by more than 45% compared to the frozen 
efficiency developments in 2040 (excl. NEU). Below we discuss the details of each 
scenario: 

• The frozen efficiency scenario projects total industrial primary energy use to 
grow from 1,010 PJ/yr in 2008 to 1,120 PJ/yr in 2040 (excl. NEU; incl. NEU 
from 1,535 PJ/yr to 1,780 PJ/yr). This is equivalent to an average growth rate 
of 0.8 ± 0.3% p.a. which – given the definition of the frozen efficiency 
scenario – also represents the aggregated production growth of all sectors in 
the Netherlands. This is less than the industrial energy use growth and the 
aggregated production growth which occurred between 1993 and 2008 (1.4% 
p.a.), 

• BaU scenarios project total industrial energy use to change from 1,010 PJ in 
2008 to 815-1,000 PJ in 2040. Including NEU for which no savings are 
estimated, industry’s total primary energy use is estimated to be between 
1,475-1,660 PJ. Compared to frozen efficiency, BaU scenarios offer annual 
improvement potentials of 0.6-1.8% p.a. based on which has been derived 
from historic developments.  
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According to BaU (1) (weak policy) and BaU (2) (strong policy), we estimate 
annual improvement potentials of 0.6 ± 1.2% and 1.8 ± 1.2% p.a. 
respectively. If industry improves its energy efficiency at a rate similar to the 
autonomous improvements (represented by BaU (3)), the annual 
improvement potential is estimated to be 0.9 ± 1.3% p.a. According to BaU 
(4), we estimate an annual improvement potentials of 1.5 ± 1.2% between 
today and 2040 (see Table 5-6), 

• We project total primary energy use in 2025 to be 780 PJ/yr according to the 
BPT scenario (all plants operating at BPT level). The results of this scenario 
show that there are large energy saving potentials in the Dutch industry which 
could reach 2.1 ± 1.2% p.a. until 2025. 

 
In the BPT scenario, total industrial primary energy use is projected to 
increase slightly from 780 PJ/yr in 2025 to 800 PJ/yr by 2040. Compared to 
the frozen efficiency scenario, this translates to moderate annual 
improvement potentials of 1.4 ± 0.5% p.a. between 2008 and 2040. Annual 
improvement potentials are lower compared to the period between 2008 and 
2025 due to the slowing down of technology improvements after 2025 once 
the BPTs are implemented. These improvements are similar to what has been 
historically achieved between 1993 and 2008 according to FYSI 2.0 (see Table 
5-6). 
 
For the period from 2025 onwards, if the sectors improve their energy 
efficiency between 0.8% (expected improvement rate of the top-of-the-world; 
VBE, 2008) and 1.0% p.a. (high end of the autonomous improvement rates 
according to Rietbergen et al. (2002) between 1989 and 1996), annual 
improvement potentials could increase to 1.7 ± 0.6% and 1.9 ± 0.6% p.a. 
between 2008 and 2040 respectively. These potentials are similar to the BaU 
projections in the presence of strong policies and they are slightly below the 
2% p.a. target. On the other hand, if the sectors continue to improve their 
energy efficiency at the same rate as between 2008 and 2025 (i.e., 2.1 ± 1.5% 
p.a.), industrial energy use could be halved by 2040 compared to the frozen 
efficiency. This highlights the need for continuous improvements and 
innovation once the sectors implemented the BPTs. 

• Improvements required to halve industrial energy use could be achieved by 
implementing new and emerging technologies at latest by 2040 (represented 
by the EME scenario) which offer annual improvement potentials of 2.0 ± 
0.6% p.a. between 2008 and 2040 (total primary energy use of 670 PJ/yr; excl. 
NEU).  
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• According to the OTD scenario, if all sectors aim to close the gap between 
the current BPTs and the theoretical minimum by half, we estimate annual 
improvement potentials of 2.2 ± 0.7% p.a. between 2008 and 2040 compared 
to the frozen efficiency scenario (total industrial energy use of 600 PJ/yr in 
2040; excl. NEU). If the aim is to close to gap by two-thirds, the annual 
improvement potentials are 2.8 ± 0.9% p.a. (total primary energy use of 500 
PJ/yr; excl. NEU). 
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Figure 5-6: Summary of energy saving and annual improvement potentials, 2008- 2025/2040 of 

BPT, EME and OTD scenarios. Light grey lines depict the BaU scenarios. The 95% 
confidence intervals of EEI for the years 1993 and 2008 are displayed with 
uncertainty bars 
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Figure 5-7: Total primary energy use (excluding NEU) by sector, 2025 and 2040. Primary energy 

saving potentials of electricity and fuels/heat use is shown separately for each sector 
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Table 5-6: Overview of the realized annual primary energy efficiency improvements between 1980 and 2008 and the annual improvement potentials until 
2040. FYSI 2.0 results exclude the savings from CHP. Sources: Farla and Blok (2000; 2002), Ramírez et al. (2006b); Neelis et al. (2007b); VBE 
(2008) 

  1980-
1995 

1993-
2000 
(FYSI 
2.0)1 

1989-
2000 

(LTA-
1) 

1999-
2007 

(FYSI 
2.0)1 

1999-
2007 

(BC) 

1993-
2008 

(FYSI 
2.0)1 

1995-
2003 

(FYSI 
2.0)1 

1995-
2008 
(FYSI 
2.0)1 

2008-
2025 / 
2040 

2008-
2025 2008-2040 

BaU2 BPT2 EME2 OTD2 
Total chemical (incl. NEU)   -1.1   -0.5   -1.2 1.4 -0.3 0.2–0.7 0.9 0.5 0.7 0.8 
Total chemical (excl. NEU)   0.7 2.6 2.4 0.5 0.7 3.1 1.8 0.5–2.1 2.4 1.5 2.2 2.6 
Basic metal (incl. NEU) 0.4 -0.3   1.3 0.8 0.7 1.1 1.0 

0.8–1.5 1.5 1.1 1.8 1.6 
Basic metal (excl. NEU)3 0.4 0.0 1.6 1.5   0.9 1.7 1.2 
Refineries4   1.2 1.0 1.3 0.1 1.6   1.7 0.1–1.5 1.5 1.0 1.1 1.5 
Food   1.2 2.0 1.5 1.3 1.2 1.0 1.0 1.1–2.2 2.9 1.8 2.0 2.9 
Paper 2.5 0.4 2.2 0.2 0.6 0.0 0.1 -0.45 0.2–2.0 2.0 1.3 2.4 3.1 
Building materials 1.5 2.8 1.2 0.6 1.2 2.0 1.5 0.9 0.7–2.0 2.7 1.7 2.6 2.2 
Total industry (incl. NEU)   -0.3   0.6   -0.1   0.4 0.4–1.0 1.2 0.8 1.1 1.2 
Total industry (excl. NEU)   0.9 2.3 1.9 0.5 1.0   1.5 0.6–1.8 2.1 1.4 2.0 2.2 
Total industry (excl. total 
chemical, NEU)   0.8 1.7 1.4 0.5 1.3   1.3 0.7–1.7 1.9 1.3 1.8 2.0 

Total industry (excl. total 
chemical, NEU, refineries)   0.5   1.4   1.2   1.0 0.9–1.7 2.0 1.3 2.0 2.1 

Total industry (excl. total 
chemical, NEU, refineries, 
food) 

0.9 0.4   1.0   1.3 1.2 0.8 0.7–1.6 1.7 1.2 2.0 1.9 

1 Data in italics are subject to uncertainties and are not meant for comparison with covenant data (see Section 5.3.1.1). 
2 Improvements are applied to the NEU of the basic metal sector as well. Only minor improvements in electricity generation efficiency are assumed (<1% p.a.). 
3 FYSI 2.0 estimates are not comparable to LTA-1 (see Section 5.3.1.1). 
4 It includes the feedstock use of hydrogen production. 
5 We apply 0.2% p.a. annual improvement potentials (based on 1999-2007) for the BaU scenario which takes the developments between 1995 and 2008 as 
reference. 
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5.4.1 Sector-by-sector results for the BPT efficiency scenario and comparison 
to other studies: 2008-2025 

Between 2008 and 2025, BPTs offer large energy saving potentials of 33-39% for the 
total chemical, food, paper and the building materials sectors equivalent to annual 
improvement potentials of 2.0-2.9% p.a.; this projection assumes that all capacity 
could be replaced with new capacity which employs improved BPTs (see Table 5-6). 
These sectors could improve their energy efficiency twice as much as between 1993 
and 2008 (0-2.0% p.a.) (see Table 5-6). These potentials are also beyond what has 
been achieved by LTA-1. Refineries and the basic metal sector have energy saving 
potentials of 23 ± 30% (1.5 ± 3.1% p.a.) and 22 ± 11% (1.5 ± 1.1% p.a.) which are 
similar to the historic achievements between 1993/1995 and 2008 (0.9-1.8% p.a.), but 
are higher than the historic achievements during the period in which the 
Benchmarking Covenant was effective (0.1-0.8% p.a.) (VBE, 2008). 
 

For 2025, we compare our estimates to the findings from other studies where 
the industry sector’s current energy saving potential is estimated based on BPT. Our 
findings for the total chemical sector (14 ± 1% energy saving potential, incl. NEU) 
compares well to the results of Saygin et al. (2011a) for the Benelux which analyzes 
more than 60 chemicals (10 ± 2%). Potentials of the Dutch chemical industry could 
be higher than of the Benelux, since the chemical sector of the Netherlands is slightly 
less efficient than that of Belgium according to Vleeming et al. (2009). Another study 
by Saygin et al. (2011b) (see Chapter 2) estimates a saving potential of approximately 
21 ± 4% for the iron and steel sector of the OECD countries. We estimate similar 
potentials for the Dutch iron and steel sector (22 ± 10%) although the Dutch iron and 
steel sector was among the most energy efficient in the world (Phylipsen et al., 2002). 
A recent benchmarking study from KBC (2008) shows that Dutch refineries have 
energy savings potential between 25% (compared to the best plant worldwide which 
has partly implemented BPTs; retrofit potential 13%) and 40% (compared to the plant 
with BPTs adopted in all of its processes). Ecofys/JRC-IPTS (2009) estimate an 
economic energy saving potential of 20% for the Dutch refineries (for measures with 
PBP of less than 5 years).  Our estimates fall between these estimates (23 ± 30%) 
since we assume gradual implementation of energy saving technologies over time 
(based on Alsema and Nieuwlaar (2001) and Worrell and Galitsky (2005)). The energy 
saving potential estimates of the paper sector (29 ± 8%) compared to the frozen 
efficiency could be too high. This is indicated by the difference between the current 
average SEC (2008) values of the paper sector estimated based on the annual energy 
efficiency improvements of FYSI 2.0 (1995-2008) and the real SEC values of the 
Dutch paper mills according to Laurijssen et al. (2010). Real plant data is on average 
20% lower than our estimates (comparison possible for 4 products). For the food 
industry, our potentials are close to the current energy saving potentials of the OECD 
countries for various products and operations (39 ± 14% in this study compared to 40 
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± 24% based on various studies for the OECD region as cited in Saygin et al., 
2011b)), but higher than the economic potentials in individual member countries (e.g., 
economic energy saving potential of 20% in the Norwegian food industry according 
to Helgegrud and Sandbakk (2009)). 
 
5.4.2 Sector-by sector results for the BPT, EME and OTD scenarios: 2025-

2040 
According to the BPT and EME scenarios, all sectors with the exception of refineries 
and non-ferrous metals sectors have the potential to reduce their energy use by 
approximately 50% compared to the frozen efficiency. For each sector the 
improvement rates are at least equal to the achievements during LTA-1 and beyond 
2% for the total chemical (2.2 ± 0.4%), food (2.0 ± 0.5%), paper (2.4 ± 0.8%) and 
building materials (2.6 ± 1.0%) sectors; this is based on the assumption that all 
existing capacity will be replaced by new capacity which employs new and emerging 
technologies by 2040 (see Appendix 5.D for an overview of new and emerging 
technologies and their saving potentials by sector). According to Figure 5-8, new and 
emerging technologies could contribute to about half of the absolute final energy 
savings in the total chemical, basic metal and paper sectors. According to the OTD 
scenario, the refineries and the food and paper sectors will have more difficulty to 
reach beyond the EME scenario compared to others as for these three sectors either 
the energy saving potential estimates of the EME scenario are relatively lower (for 
refineries and the food sector) or the theoretical minimum SEC values are too low 
(for paper sector) (see Figure 5-9). The potentials are more similar for other sectors as 
the potentials of new and emerging technologies are close to the potentials achievable 
by closing half of the gap between the current BPTs and the theoretical minimum 
which also confirms the finding of the study by Blok (2004).  
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Figure 5-8: Contribution of BPTs and new and emerging technologies to total final energy 
savings compared to the frozen efficiency scenario, 2025 and 2040. See Appendix 
5.D for details of each sector 
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Figure 5-9: Comparison of total primary energy saving potentials at sector level (excl. NEU), 

2008-2040. Ranges refer to the minimum and the maximum energy saving potentials 
of the BaU scenarios 

 
5.4.3 Potentials of CHP: 2008-2040 
Compared to the energy saving potentials of the BPT and EME scenarios, CHP could 
notably raise the energy saving potentials by 2040. Annual improvement potentials 
increase from 1.4% to 1.7% p.a. for the BPT scenario and from 2.0% to 2.3% p.a. for 
the EME scenario based on the current fuel conversion efficiency and operational 
modes as well as the reference heat and electricity production systems (see Appendix 
5.C). For 2040, we estimate primary energy savings of 65-80 PJ/yr by CHP for the 
BPT and EME scenarios. These are about 10% lower (71 PJ/yr in 2000) and 60% 
higher (49 PJ/yr in 1995) than the minimum and maximum savings achieved between 
1993 and 2008 respectively by CHP. We assume that the CHP capacity until 2040 will 
always be at least as large as it is today. This capacity provides between 70-100% of all 
CHP related energy savings (40-80 PJ/yr). The remainder is provided by additional 
CHP capacity (25-40 PJ/yr). The size of this additional capacity differs for each 
scenario, since the demand for process heat decreases with increasing energy savings. 
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For example, in the OTD scenario, we estimate no additional investments for new 
CHP capacity except for the refineries and the food sector. Refineries are an exception 
since currently only 16% of the sector’s total heat demand is provided by CHP, but in 
reality this could be as high as two-thirds (see Appendix 5.C). Actually about half of 
the sector’s total heat demand could be provided by CHP which creates potential for 
additional CHP capacity even in the most ambitious OTD energy efficiency scenario. 
Our analysis shows that efficient CHP capacities could be essential in the long-term to 
accelerate annual improvement rates. 
 
5.4.4 Uncertainties in the energy saving potentials estimates 
Our study provides up-to-date energy use scenarios for the Dutch industry based on 
historic achievements (for BaU scenarios) and based on a literature review of energy 
savings technologies (for BPT and EME scenarios). However, our estimates are 
dependent on the methodology applied as well as the accuracy and the quality of the 
background data we used and therefore are subject to uncertainties: 

• We develop the BaU scenarios by extrapolating the historic achievements in 
certain periods. However this introduces uncertainties for the BaU scenarios 
since the past achievements could be due to specific developments such as 
large capacity replacements, or implementation of a new technology. 
However, we regard our projections as realistic since the low and high ranges 
of the historic achievements are ±50% around Dutch industry’s autonomous 
improvements of 1.0 ± 1.3 % p.a. between 1993 and 2008 and are within the 
confidence intervals. 

• The reliability of the current SEC (2008) values are questionable for two 
reasons: due to the uncertainties of SEC values for 1995 (Neelis et al., 2007b), 
and the estimated energy efficiency improvement rate in the period 1995-
2008 (applied to estimate 2008 SEC values based on 1995) (see Section 5.3). 
For the same reasons, BaU scenarios based on monitoring results of FYSI 2.0 
are also subject to uncertainties. 

• Saygin et al. (2011a;b) discuss in detail the related uncertainties related to the 
BPT values which we are also used in this study. Furthermore, we assume an 
annual improvement rate of 0.5% p.a. in order to account for the additional 
technology improvements between 2008 and 2025 (Phylipsen et al., 2002; 
VBE, 2008). However, it is uncertain to which extent these improvements 
result in a BPT value that is representative for 2025. Technology performance 
in the EME scenario is partly uncertain because we assumed that the 
potentials of a few selected technologies were representative for the potential 
in the entire sector due to lack of data availability (e.g., for ceramics sector we 
estimated 50% energy savings technologies by new technologies such as 
microwave assisted drying/firing). For some sectors, we applied rather old 
information for the same reason (e.g., for refinery sector potentials are based 
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on technology inventory from from Alsema and Nieuwlaar (2001) and for the 
paper industry based on de Beer et al. (1998b)) in few cases we also assumed 
potentials of technologies as determined for other countries which may be 
less representative for the case of the Netherlands (e.g., food sector). 

• Potentials of different technologies would in reality differ from plant to plant 
and therefore site specific analysis would be required instead of sector level 
approximations. 

• We combined the results of implementing current BPTs in the short term and 
new and emerging technologies in the long term. We assume that industrial 
plants currently in operation will be upgraded either fully or partly. However, 
early retirement may not be a choice due to economic considerations. Our 
model would need to be improved by allowing a transition between two 
technology levels rather incrementally at equipment level. This requires two 
additional dimensions in our model: individual plant data and the age 
distribution of each product, for which we do not have sufficient data. When 
interpreting the results, the assumption of capacity replacement should 
therefore be kept in mind. In addition, in future, plants could make a choice 
between implementing BPTs and new and emerging technologies as the latter 
is commercialized. This would allow sectors to reach higher potentials of 
energy savings in a shorter period of time which would need to be quantified 
under different scenarios. 

• Our analysis is based on a single production growth scenario which we regard 
plausible since this scenario is used for national policy making in the 
Netherlands. However, the volume of total production and the volume of 
individual products could differ substantially from the values projected for 2040, 
which would have implications for the absolute energy use values (in PJ). 
Moreover, we assumed that the uncovered energy use of each sector will 
follow the average developments of the products analyzed which introduces 
further uncertainties to our results. Although improved modelling can reduce 
these uncertainties, we expect that annual improvement potentials would 
hardly change (in % p.a.) unless there are major differences in the production 
growth of certain energy-intensive products which dominate sectors’ energy 
saving potentials.  

 
5.4.5 Recommendations for policy makers 
According to the findings presented in earlier sections, BaU scenarios which are based 
on a range of historical developments will not lead to high annual improvement rates 
(e.g., >2% p.a.). However, by implementing energy saving technologies and efficient 
CHP capacity, we show that energy saving can be accelerated to 2% p.a. and beyond. 
To raise the current performance to these levels, additional policies will be required 
for realizing improvements in (at least) two steps until 2040, namely: (i) upgrading the 
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current technology level in operation to the level of current BPTs by 2025, and (ii) 
ensuring similar technology improvement performance by implementing new and 
emerging technologies until 2040. Examples of additional policy options for the short 
term are given by Daniëls et al. (2006) and ECN/PBL (2010b) which include 
increasing energy taxes (currently only limited application to energy-intensive sectors), 
making energy efficiency investments with a payback time of less than 5 years 
obligatory and subsidy tenders for industrial energy savings. Formulating additional 
policies is important because case studies showed that BaU improvements (0.6-1.8% 
p.a.) are very unlikely to lead to technology development beyond current BPTs (2.1% 
p.a.) (Luiten, 2001; Luiten and Blok, 2003;2004). Additionally, technology 
development and deployment are particularly triggered by long term high energy 
prices, technological learning, R&D, etc. acc (e.g., Löschel, 2002; Popp et al., 2009. 
Additional policies need to consider these effects as well. However, improving energy 
efficiency alone may not be sufficient for substantial GHG emission reductions. This 
highlights the importance to develop technology roadmaps tailored for each industry 
which should include the potentials of other complementary technologies (e.g., 
recycling, fuel and feedstock switching to renewables, CCS).  
 
5.5 Conclusions 
This chapter monitors the annual energy efficiency improvements in the Dutch 
industry between 1993 and 2008 and links the historical findings with the energy 
efficiency improvement potentials in the Dutch industry until 2040. By use of the 
model FYSI 2.0 and based on other studies, we estimate that the Dutch industry is 
improving its energy efficiency at a rate of 1.1% p.a. (excluding total chemical sector 
and refineries). Given the remaining errors in the Dutch energy statistics, we cannot 
make judgments for the total chemical sector and the refineries. During recent years, 
energy efficiency improvement rates have slowed down and policies have not been 
effective to accelerate these rates. 
 

Earlier, the Dutch industry was considered to be among the best worldwide 
(Phylipsen et al. 2002; VBE, 2006). According to the BaU scenarios which make use 
of historic developments, we estimate annual improvement potentials of 0.6-1.8% p.a. 
between 2008 and 2040. Based on these potentials, it is questionable whether industry 
could hold its frontrunner position and whether it will be possible to achieve 
ambitious energy efficiency improvements in the long term. However, our analysis 
shows that there is potential to accelerate historic achievements to 2% p.a. and even 
beyond by implementing energy efficiency technologies and by efficient CHP capacity. 
Similar rates of improvements were realized in limited periods in the past. To exploit 
the future potentials continuous technology development and innovation need to be 
stimulated by new, effective policy initiatives. 
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The analysis which we present in this chapter needs to be improved by more 
analysis on the following issues: 

(i) The energy efficiency improvements of the total chemical sector and the 
refineries would need to be revisited as the statistics office has revised the 
energy statistics since these two sectors account for two-thirds of the 
total primary energy use of the Dutch industry sector (incl. NEU), 

(ii) The technology inventory used in this study needs to be expanded with 
respect to technical potentials and costs of technologies which would 
allow estimating energy savings of individual processes and products at a 
higher level of detail and by including a cost factor to the technical 
scenarios presented in this chapter.  
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Appendix 5.A FYSI 2.0 
a) Input data: Products, SEC values 

We refer the reader to Ramirez et al. (2006b) and Neelis et al. (2007a) for a complete 
list of products and their respective SEC values. We made three major adaptations to 
this list: 

• we extended the number of products of the total chemical sector in FYSI 2.0 
by 25 (compared to initial number of 20) (see Table 5.A-1). We estimate the 
energy use of methanol production as fossil fuel-based and renewable-based. 
We use the same process (electricity and fuels/heat) energy for both routes, 
but we exclude the NEU use from the bio-based route since no renewable 
energy use is reported to NEU item in the Dutch energy statistics (CBS, 
2010b), 

• 2007 and onwards, the NEU accounting of aromatics products was adapted 
in the Dutch energy statistics (Roes et al., 2010). In FYSI 2.0, before 2007, 
NEU was estimated based on the chemicals which consume aromatics only 
(e.g., polystyrene, toluene diisocyanate, etc). 2007 and onwards, we adapted 
the model so that the NEU is estimated based on the production of aromatics 
(i.e., total of benzene, toluene and xylenes) based on a lower heating value 
(LHV) of 40.5 GJ per tonne of aromatics, 

• we included the analysis of petroleum refineries by taking into account the 13 
most important processes (see Table 5.A-2). 

 
 
Table 5.A-1: Overview of SEC values for the new products of the total chemical sector (base year: 

1995) 
 

Prodcom 
code (PC) 

Electricity Fuels / 
heat NEU 

Assumptions 
uncertainty 
analysis (%) 

Reference (GJ / 
physical 
unit) 

(GJ / 
physical 
unit) 

(GJ / 
physical 
unit) 

Other chemical sector  

Butadiene PC 24141165 0.9 7.1 - 30 
Chauvel and 

Lefebvre 
(1989) 

Caprolactam PC 24145270 1.1 25.8 - 30 
Chauvel and 

Lefebvre 
(1989) 

Cumene PC 24141270 0.04 2.0 - 30 
Hydrocarbon 

Processing 
(2003) 

Ethylene oxide PC 24146373 1.0 3.0 - 30 Neelis et al. 
(2007c) 

Ethyl benzene PC 24141260 0.1 -0.9 - 30 
Hydrocarbon 

Processing 
(2003) 
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Prodcom 
code (PC) 

Electricity Fuels / 
heat NEU 

Assumptions 
uncertainty 
analysis (%) 

Reference (GJ / 
physical 
unit) 

(GJ / 
physical 
unit) 

(GJ / 
physical 
unit) 

Formaldehyde PC 24146111 0.8 -5.3 - 30 IPTS/EC 
(2003) 

Isopropyl 
alcohol PC 24142220 0.1 11.2 - 30 

Chauvel and 
Lefebvre 

(1989) 
Oxygen PC 24111170 0.8 0.0 - 30 IEA (2007) 

Polycarbonate PC 24164040 2.7 14.3 - 30 Plinke et al. 
(1995) 

Propylene 
oxide PC 24146375 2.6 26.3 - 30 

Chauvel and 
Lefebvre 

(1989); 
Tebodin 

(1996) 

Polyurethane PC 24165670 1.5 - - 30 Boustead 
(1997) 

Polyvinyl 
chloride PC 24163010 0.6 2.0 - 30 

Hydrocarbon  
Processing 

(2003) 

TDI PC 24144450 2.8 32.8 - 30 
Chauvel and 

Lefebvre 
(1989) 

Vinyl chloride PC 24141371 0.7 4.2 - 30 IPTS/EC 
(2003) 

p-xylene PC 24141245 0.7 8.9 - 30 IPTS/EC 
(2003) 

Fertilizer sector  
Phosphoric 
acid PC 24131455 0.6 5.9 - 30 IPTS/EC 

(2007d) Sulphuric acid PC 24131433 - -3.0 - 
 
Table 5.A-2: Overview of SEC values for the selected processes of the refineries (base year: 2000) 

  

Electricity Fuels / heat NEU Assumptions 
uncertainty 
analysis (%) 

(GJ / physical 
unit) 

(GJ / physical 
unit) 

(GJ / physical 
unit) 

Crude 0.02 0.6 - 40 
Vacuum distillation 0.01 0.7 - 40 
Coking 0.3 -0.7 - 40 
Thermal operations 0.02 1.2 - 40 
Catalytic cracking 0.1 -0.4 - 40 
Catalytic reforming 0.1 2.6 - 40 
Catalytic 
hydrocracking 0.3 1.6 - 40 

Catalytic 
hydrotreating 0.04 0.6 - 40 

Alkylation 0.2 3.6 - 40 
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Electricity Fuels / heat NEU Assumptions 
uncertainty 
analysis (%) 

(GJ / physical 
unit) 

(GJ / physical 
unit) 

(GJ / physical 
unit) 

Isomerization 0.1 1.6 - 40 
Lubes 0.6 3.2 - 40 
Hydrogen1 0.7 137.7 - 40 
Sulfur 0.51 2.7 - 40 

Source: Neelis et al. (2005b).  
1 We use a SEC value of 120 GJ per tonne of hydrogen as NEU. We report this under total fuels/heat 
use since no NEU is reported for the refineries in the energy statistics. 
 
Production statistics for all products included in the model originate from Dutch 
statistics office except for the products and product groups shown in Table 5.A-3. 
 
Table 5.A-3: Production data for products which originate from other sources than the Dutch 

statistics office 
Sector Reference 
Iron and steel 
  All products  WSA (1994-2009) 
Food 
  Beef, mutton and lamb, 
  pigmeat, poultry meat PVE (1993-2008) 

  Rendering FAO (1993-2008) 
  Dairies, except casein PZ (1993-2008) 
  Sugar beet FAO (1993-2008) 
  Cacao beans UN (1993-2008) 
Paper  
  All products VNP (1993-2010) 
Building materials 

  Clinker Mergelsberg (2004-
2010) 

  Glass Beerkens (2004-2010) 
  Bricks & Paving bricks KNB (1993-2010) 
Non-ferrous metals  
  Anode production at Pechiney, 
  Vlissingen Frijlink (2004-2010) 

Other chemical  
  Ethylene DOW (2010) 
  Bio-methanol BioMCN (2010) 
Refineries 
  All products1 OGJ (1995-2010a) 

1Data is given for throughput capacity. We estimate the total realized throughput by multiplying the 
capacity data with the capacity utilization rates as provided by the Dutch statistics office (CBS, 2011b). 
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b) Results 
Energy use coverage of a sector is estimated for the base year only (1995). We 
estimate the energy use coverage by dividing the estimated bottom-up energy use by 
the sector’s realized energy use as reported in the energy statistics (CBS, 2010b) 
(corrected for CHP, see main text). We separately estimate the energy coverage for 
electricity, fuels/heat, NEU and primary energy use with and without NEU. Energy 
use coverage indicates the completeness and the representativeness of the sector’s 
energy use by our product selection (see Table 5.A-4). 
 
Table 5.A-4: Primary energy use coverage of FYSI 2.0 compared to reported data in Dutch energy 

statistics (CBS, 2010b) (in %) 
 1995 (base year) 

Excl. 
NEU 

Incl. 
NEU 

Other chemical 54 68 
Fertilizer 72 90 
Iron and steel 81 91 
Non-ferrous 81 82 
Refineries1 79 
Food 63 
Paper 83 
Building materials2 62 63 

1 The base year for the SEC values of the refinery processes is 2000 (see Table 5.A-3). In order to 
estimate the coverage for 1995, we correct the data by the energy efficiency improvements estimates for 
the period between 1995 and 2000. 
2 We do not continue to separate the SEC value of clinker production into NEU and fuels/heat as this 
was a choice by Neelis et al. (2004) to comply with the Dutch energy statistics (CBS, 2010b). From 2008 
onwards, NEU and fuels/heat use is combined to a single SEC value under fuels/heat use. 
 

Figure 5.A-1 shows the development of the reference energy use according to 
FYSI 2.0 and the realized energy use according to Dutch energy statistics (CBS, 
2010b) (both indexed to 1995, i.e., 1995=1). Table 5.A-5 provides the detailed results 
for each sector.  
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Table 5.A-5: Detailed results for reference energy use (activity line), and EEI for each sector by energy commodity 
  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

  Other chemical sector (Total chemical sector)  
Reference (electricity) 0.95 1.00 1.27 1.20 1.29 1.35 1.44 1.44 1.42 1.47 1.37 2.5% 
95% confidence interval (±) 4.0% 0.0% 5.1% 4.6% 4.7% 4.8% 6.8% 5.4% 5.6% 5.9% 5.9%   
Reference (fuels/heat) 0.94 1.00 1.13 1.20 1.22 1.29 1.32 1.37 1.34 1.46 1.22 1.8% 
95% confidence interval (±) 5.3% 0.0% 5.5% 5.1% 5.7% 5.5% 5.9% 5.7% 7.6% 8.4% 7.8%   
Reference (NEU) 0.96 1.00 1.04 1.11 1.17 1.36 1.30 1.38 1.32 1.34 1.08 0.8% 
95% confidence interval (±) 7.4% 0.0% 7.1% 7.7% 7.7% 7.5% 7.5% 8.5% 8.2% 8.5% 8.9%   
Reference (total primary, excl. NEU) 0.94 1.00 1.17 1.20 1.24 1.30 1.35 1.39 1.36 1.46 1.26 2.0% 
95% confidence interval (±) 4.5% 0.0% 4.8% 4.3% 4.6% 4.7% 4.5% 4.7% 6.1% 6.3% 6.1%   
Reference (total primary) 0.95 1.00 1.10 1.15 1.20 1.33 1.32 1.38 1.34 1.39 1.16 1.3% 
95% confidence interval (±) 5.7% 0.0% 6.1% 5.6% 5.9% 5.9% 6.1% 5.9% 6.4% 6.5% 6.4%   
  Fertiliser sector (Total chemical sector)  
Reference (electricity) 0.93 1.00 1.03 0.99 0.84 0.90 0.86 0.88 0.84 0.83 0.93 0.0% 
95% confidence interval (±) 7.0% 0.0% 7.5% 7.6% 7.4% 7.6% 6.7% 7.6% 7.3% 7.1% 7.4%   
Reference (fuels/heat) 1.01 1.00 1.08 0.95 0.90 0.86 0.90 0.91 0.88 0.86 1.02 0.1% 
95% confidence interval (±) 12.5% 0.0% 12.3% 10.9% 10.8% 13.0% 11.0% 11.5% 10.2% 10.5% 12.8%   
Reference (NEU) 0.95 1.00 1.06 0.94 0.89 0.84 0.91 0.91 0.90 0.88 1.01 0.4% 
95% confidence interval (±) 9.2% 0.0% 9.3% 9.9% 9.4% 9.2% 8.7% 9.5% 8.9% 9.5% 9.3%   
Reference (total primary, excl. NEU) 0.99 1.00 1.07 0.95 0.89 0.87 0.89 0.90 0.87 0.86 1.00 0.1% 
95% confidence interval (±) 10.8% 0.0% 10.1% 8.5% 9.3% 11.0% 8.7% 9.5% 8.8% 9.1% 11.3%   
Reference (total primary) 0.95 1.00 1.06 0.94 0.89 0.84 0.91 0.91 0.90 0.88 1.01 0.4% 
95% confidence interval (±) 9.2% 0.0% 9.3% 9.9% 9.4% 9.2% 8.7% 9.5% 8.9% 9.5% 9.3%   
  Iron and steel sector (Basic metal sector)   
Reference (electricity) 0.91 1.00 0.99 1.04 1.08 1.16 1.22 1.21 1.19 1.25 1.17 1.7% 
95% confidence interval (±) 5.7% 0.0% 5.9% 6.0% 6.6% 6.6% 6.3% 6.4% 7.2% 6.6% 6.4%   
Reference (fuels/heat) 0.94 1.00 0.97 1.04 1.06 1.15 1.20 1.19 1.14 1.23 1.16 1.4% 
95% confidence interval (±) 7.2% 0.0% 6.9% 7.8% 6.8% 7.5% 8.0% 8.2% 8.5% 7.2% 7.3%   
Reference (NEU) 0.98 1.00 0.90 0.96 0.97 1.06 1.09 1.09 0.98 1.16 1.08 0.7% 
95% confidence interval (±) 10.0% 0.0% 9.2% 10.2% 9.1% 9.9% 9.6% 9.7% 9.5% 9.6% 9.2%   
Reference (total primary, excl. NEU) 0.93 1.00 0.98 1.04 1.07 1.15 1.21 1.20 1.16 1.24 1.16 1.5% 
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  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

95% confidence interval (±) 6.0% 0.0% 6.3% 7.0% 6.2% 6.5% 6.5% 6.8% 7.4% 7.0% 6.6%   
Reference (total primary) 0.95 1.00 0.93 1.00 1.02 1.10 1.14 1.14 1.06 1.20 1.12 1.1% 
95% confidence interval (±) 7.7% 0.0% 7.0% 7.9% 7.2% 7.7% 7.8% 8.7% 8.7% 8.0% 7.9%   
  Food sector   
Reference (electricity) 0.99 1.00 1.10 1.07 1.02 0.99 0.99 1.00 1.05 1.07 1.06 0.4% 
95% confidence interval (±) 3.1% 0.0% 3.0% 3.4% 3.4% 3.5% 3.7% 3.4% 4.4% 4.1% 4.2%   
Reference (fuels/heat) 1.02 1.00 1.14 1.17 1.13 1.13 1.08 1.10 1.19 1.24 1.21 1.2% 
95% confidence interval (±) 3.3% 0.0% 3.7% 4.5% 3.8% 4.0% 4.1% 4.1% 4.6% 6.2% 5.6%   
Reference (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
Reference (total primary, excl. NEU) 1.01 1.00 1.13 1.13 1.09 1.08 1.05 1.06 1.14 1.18 1.15 0.9% 
95% confidence interval (±) 2.7% 0.0% 3.3% 3.7% 3.5% 3.4% 3.1% 3.4% 4.1% 4.8% 4.4%   
Reference (total primary) 1.01 1.00 1.13 1.13 1.09 1.08 1.05 1.06 1.14 1.18 1.15 0.9% 
95% confidence interval (±) 2.8% 0.0% 3.3% 3.6% 3.3% 3.3% 3.1% 3.5% 4.0% 4.6% 4.3%   
  Paper sector   
Reference (electricity) 0.96 1.00 1.12 1.07 1.10 1.13 1.17 1.17 1.15 1.08 0.96 0.1% 
95% confidence interval (±) 4.6% 0.0% 4.5% 4.6% 4.5% 5.9% 5.0% 5.0% 5.2% 5.1% 4.3%   
Reference (fuels/heat) 0.96 1.00 1.13 1.07 1.12 1.13 1.16 1.16 1.13 1.08 0.99 0.2% 
95% confidence interval (±) 4.3% 0.0% 4.2% 4.5% 4.2% 5.3% 4.5% 4.6% 4.4% 4.8% 5.2%   
Reference (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
Reference (total primary, excl. NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
Reference (total primary) 0.96 1.00 1.12 1.07 1.11 1.13 1.16 1.17 1.14 1.08 0.98 0.1% 
95% confidence interval (±) 4.4% 0.0% 4.4% 4.4% 4.2% 5.6% 4.8% 4.2% 4.6% 4.9% 4.4%   
  Building materials sector   
Reference (electricity) 0.95 1.00 1.14 1.11 1.07 1.05 1.05 1.08 1.08 1.11 1.13 1.2% 
95% confidence interval (±) 6.6% 0.0% 6.5% 6.5% 6.5% 7.0% 7.1% 7.4% 7.3% 8.5% 7.1%   
Reference (fuels/heat) 0.94 1.00 1.08 1.07 1.01 0.99 1.02 1.06 1.06 1.09 1.08 1.0% 
95% confidence interval (±) 6.5% 0.0% 6.6% 6.5% 7.7% 7.8% 8.0% 7.9% 8.1% 7.4% 9.1%   
Reference (NEU) 1.07 1.00 1.10 1.12 1.14 1.01 1.04 1.03 0.99 1.07 1.05 -0.1% 
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  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

95% confidence interval (±) 9.6% 0.0% 9.6% 9.5% 9.7% 9.6% 8.9% 10.0% 9.3% 9.3% 9.0%   
Reference (total primary, excl. NEU) 0.94 1.00 1.09 1.08 1.03 1.01 1.03 1.06 1.06 1.09 1.10 1.0% 
95% confidence interval (±) 6.3% 0.0% 6.5% 6.5% 6.8% 7.6% 7.4% 7.8% 7.9% 6.9% 8.2%   
Reference (total primary) 0.95 1.00 1.09 1.08 1.03 1.01 1.03 1.06 1.06 1.09 1.09 1.0% 
95% confidence interval (±) 6.1% 0.0% 6.4% 6.5% 6.7% 7.3% 7.2% 7.5% 7.6% 6.7% 7.6%   
  Non-ferrous metals sector (Basic metals sector)   
Reference (electricity) 1.04 1.00 1.30 1.30 1.41 1.39 1.50 1.52 1.53 1.53 1.58 2.8% 
95% confidence interval (±) 8.1% 0.0% 8.1% 8.2% 8.5% 7.7% 9.1% 8.2% 8.1% 8.4% 7.8%   
Reference (fuels/heat) 0.89 1.00 1.19 1.17 1.18 1.20 1.26 1.29 1.14 1.14 1.17 1.8% 
95% confidence interval (±) 8.0% 0.0% 6.0% 6.1% 7.6% 7.0% 7.7% 7.9% 11.5% 12.7% 12.2%   
Reference (NEU) 0.75 1.00 1.09 1.09 1.12 1.04 1.21 1.32 1.19 1.28 1.25 3.5% 
95% confidence interval (±) 9.4% 0.0% 9.3% 9.7% 9.7% 9.2% 9.0% 9.4% 9.7% 9.9% 9.3%   
Reference (total primary, excl. NEU) 1.03 1.00 1.29 1.30 1.40 1.38 1.48 1.51 1.50 1.51 1.56 2.8% 
95% confidence interval (±) 7.8% 0.0% 7.7% 8.0% 8.5% 7.5% 8.8% 8.2% 7.9% 8.3% 7.8%   
Reference (total primary) 1.01 1.00 1.28 1.28 1.38 1.36 1.46 1.49 1.48 1.49 1.54 2.8% 
95% confidence interval (±) 7.2% 0.0% 7.3% 7.7% 8.2% 7.5% 8.3% 7.6% 7.5% 7.4% 7.5%   
  Refineries   
Reference (electricity) 0.96 1.00 1.32 1.30 1.34 1.40 1.42 1.41 1.38 1.58 1.41 2.6% 
95% confidence interval (±) 9.0% 0.0% 15.1% 12.4% 13.0% 17.2% 15.7% 14.3% 14.5% 16.3% 17.3%   
Reference (fuels/heat) 0.96 1.00 1.11 1.10 1.09 1.12 1.13 1.19 1.36 1.35 1.32 2.1% 
95% confidence interval (±) 9.2% 0.0% 11.1% 9.1% 10.8% 10.5% 10.8% 14.3% 15.8% 14.9% 16.9%   
Reference (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
Reference (total primary, excl. NEU) 0.96 1.00 1.12 1.11 1.11 1.14 1.16 1.20 1.35 1.35 1.31 2.1% 
95% confidence interval (±) 8.9% 0.0% 9.0% 10.2% 10.0% 9.9% 10.5% 13.5% 12.3% 14.2% 13.8%   
Reference (total primary) 0.96 1.00 1.12 1.11 1.11 1.14 1.16 1.20 1.35 1.35 1.31 2.1% 
95% confidence interval (±) 8.9% 0.0% 9.0% 10.2% 10.0% 9.9% 10.5% 13.5% 12.3% 14.2% 13.8%   
  Other chemical sector (Total chemical sector)  
EEI (electricity) 0.93 1.00 0.77 0.83 0.79 0.75 0.71 0.72 0.75 0.75 0.77 -1.2% 
95% confidence interval (±) 9.7% 0.0% 10.4% 9.9% 9.7% 9.3% 10.6% 10.4% 10.8% 10.4% 11.3%   
EEI (fuels/heat) 0.91 1.00 0.91 0.85 0.91 0.87 0.88 0.81 0.79 0.73 0.84 -0.5% 
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  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

95% confidence interval (±) 10.9% 0.0% 11.5% 10.5% 9.9% 10.4% 10.9% 11.0% 10.7% 11.8% 11.5%   
EEI (NEU) 0.81 1.00 1.05 1.10 1.09 1.01 1.07 1.17 1.10 1.26 1.44 3.9% 
95% confidence interval (±) 13.7% 0.0% 11.1% 12.6% 12.0% 11.3% 11.2% 12.0% 11.4% 12.0% 11.8%   
EEI (total primary, excl. NEU) 0.84 1.00 0.84 0.82 0.86 0.82 0.81 0.77 0.76 0.72 0.80 -0.3% 
95% confidence interval (±) 10.2% 0.0% 10.0% 10.9% 10.4% 10.8% 10.1% 11.5% 10.6% 10.5% 10.9%   
EEI (total primary) 0.82 1.00 0.94 0.95 0.97 0.91 0.93 0.95 0.92 0.96 1.08 1.9% 
95% confidence interval (±) 10.7% 0.0% 11.5% 10.8% 10.7% 11.2% 10.2% 10.7% 11.1% 11.3% 12.0%   
  Fertilizer sector (Total chemical sector)  
EEI (electricity) 1.05 1.00 0.85 0.78 0.88 0.86 0.93 0.91 0.96 0.99 0.85 -1.4% 
95% confidence interval (±) 8.9% 0.0% 9.9% 9.8% 9.1% 9.9% 9.4% 10.0% 9.3% 10.0% 10.2%   
EEI (fuels/heat) 1.21 1.00 0.77 0.69 0.78 0.78 0.84 0.84 0.84 0.86 0.72 -3.4% 
95% confidence interval (±) 14.7% 0.0% 12.2% 12.2% 11.7% 12.4% 12.3% 13.0% 12.0% 12.7% 11.8%   
EEI (NEU) 1.01 1.00 0.95 0.90 0.91 0.95 0.95 0.96 0.96 0.96 0.79 -1.6% 
95% confidence interval (±) 11.5% 0.0% 11.5% 12.6% 11.8% 10.6% 12.0% 12.0% 11.0% 11.2% 10.7%   
EEI (total primary, excl. NEU) 1.18 1.00 0.80 0.73 0.82 0.83 0.83 0.83 0.85 0.87 0.70 -3.4% 
95% confidence interval (±) 10.8% 0.0% 11.0% 11.3% 11.3% 12.3% 10.9% 11.7% 10.8% 10.8% 12.4%   
EEI (total primary) 1.09 1.00 0.90 0.84 0.88 0.92 0.90 0.91 0.91 0.92 0.76 -2.4% 
95% confidence interval (±) 11.3% 0.0% 11.3% 10.9% 11.4% 11.8% 10.7% 10.8% 11.9% 11.3% 11.3%   
  Iron and steel sector (Basic metal sector)   
EEI (electricity) 0.99 1.00 1.14 1.08 1.02 0.99 0.95 0.97 0.97 0.95 0.97 -0.1% 
95% confidence interval (±) 8.4% 5.0% 7.9% 8.9% 9.4% 9.1% 10.1% 8.7% 9.8% 8.5% 9.5%   
EEI (fuels/heat) 0.97 1.00 0.88 0.84 0.82 0.76 0.77 0.76 0.80 0.73 0.78 -1.5% 
95% confidence interval (±) 9.8% 4.9% 9.9% 9.6% 10.0% 10.1% 10.4% 9.8% 10.1% 9.6% 9.2%   
EEI (NEU) 0.96 1.00 0.99 1.01 1.01 1.00 0.98 0.97 0.95 0.94 0.90 -0.4% 
95% confidence interval (±) 12.6% 5.0% 11.1% 11.4% 11.0% 10.7% 11.1% 11.9% 12.0% 11.8% 10.6%   
EEI (total primary, excl. NEU) 0.98 1.00 0.98 0.93 0.89 0.85 0.84 0.83 0.86 0.81 0.85 -0.9% 
95% confidence interval (±) 8.9% 4.9% 9.4% 8.8% 8.4% 9.9% 9.2% 9.9% 9.6% 8.5% 10.0%   
EEI (total primary) 0.97 1.00 0.99 0.97 0.95 0.92 0.91 0.90 0.91 0.87 0.88 -0.6% 
95% confidence interval (±) 10.0% 4.9% 9.9% 10.1% 9.7% 10.7% 9.5% 10.1% 11.0% 10.7% 10.6%   
  Food sector   
EEI (electricity) 1.10 1.00 1.02 1.12 1.15 1.17 1.15 1.15 1.15 1.18 1.13 0.2% 
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  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

95% confidence interval (±) 6.4% 4.9% 6.4% 6.5% 6.7% 7.1% 6.7% 7.1% 7.1% 7.4% 7.1%   
EEI (fuels/heat) 0.98 1.00 0.93 0.87 0.92 0.90 0.91 0.87 0.78 0.72 0.72 -2.1% 
95% confidence interval (±) 6.4% 5.0% 6.5% 6.9% 6.7% 7.7% 7.7% 6.9% 7.6% 8.5% 7.8%   
EEI (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
EEI (total primary, excl. NEU) 1.04 1.00 0.96 0.96 1.00 0.99 1.00 0.98 0.92 0.89 0.88 -1.1% 
95% confidence interval (±) 6.6% 5.0% 6.6% 6.7% 6.8% 6.4% 6.8% 6.6% 7.5% 7.0% 7.2%   
EEI (total primary) 1.05 1.00 0.96 0.96 1.00 0.99 1.00 0.98 0.92 0.89 0.88 -1.2% 
95% confidence interval (±) 6.3% 5.0% 6.0% 6.8% 6.3% 7.3% 6.8% 6.2% 7.4% 7.9% 8.0%   
  Paper sector   
EEI (electricity) 1.05 1.00 1.07 1.04 1.08 1.05 1.02 1.00 1.03 1.10 1.21 1.0% 
95% confidence interval (±) 8.2% 4.9% 7.4% 7.7% 7.3% 8.4% 7.4% 7.5% 7.6% 8.0% 7.9%   
EEI (fuels/heat) 0.94 1.00 0.97 0.93 0.93 0.91 0.88 0.87 0.87 0.89 0.85 -0.7% 
95% confidence interval (±) 7.6% 4.9% 7.9% 7.4% 7.6% 7.5% 6.8% 7.6% 8.2% 8.7% 9.0%   
EEI (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
EEI (total primary, excl. NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
EEI (total primary) 1.05 1.00 1.02 1.00 1.02 0.99 0.96 0.96 0.97 1.00 1.05 0.0% 
95% confidence interval (±) 6.9% 5.0% 7.6% 7.0% 8.1% 7.8% 7.7% 7.0% 7.9% 7.5% 8.5%   
  Building materials sector   
EEI (electricity) 1.14 1.00 1.08 1.06 1.05 1.02 0.99 0.97 0.98 0.99 1.00 -0.9% 
95% confidence interval (±) 9.4% 5.0% 9.1% 9.3% 9.3% 9.1% 9.7% 10.5% 9.9% 10.1% 9.2%   
EEI (fuels/heat) 1.24 1.00 0.98 0.97 0.89 0.92 0.91 0.89 0.89 0.91 0.90 -2.1% 
95% confidence interval (±) 9.1% 4.9% 9.8% 9.0% 9.5% 10.1% 9.5% 9.1% 10.4% 10.1% 9.9%   
EEI (NEU) 1.02 1.00 0.38 0.29 0.25 0.20 0.29 0.12 0.07 0.00 0.00 -100% 
95% confidence interval (±) 10.7% 5.0% 10.9% 11.4% 11.6% 11.9% 10.9% 11.1% 11.7%     
EEI (total primary, excl. NEU) 1.21 1.00 1.01 1.00 0.94 0.95 0.94 0.92 0.92 0.94 0.93 -1.7% 
95% confidence interval (±) 8.7% 4.9% 8.9% 8.6% 9.0% 8.8% 9.5% 9.4% 10.9% 9.3% 9.7%   
EEI (total primary) 1.20 1.00 0.98 0.97 0.91 0.92 0.90 0.88 0.88 0.89 0.89 -2.0% 
95% confidence interval (±) 8.4% 5.0% 9.1% 8.7% 8.8% 9.5% 9.0% 8.7% 9.0% 9.3% 9.2%   
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  1993 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 CAGR1 

  Non-ferrous metals sector (Basic metal sector)   
EEI (electricity) 0.99 1.00 1.00 0.97 0.88 0.91 0.92 0.91 0.81 0.85 0.88 -0.8% 
95% confidence interval (±) 9.9% 4.9% 10.8% 10.3% 10.2% 10.2% 10.7% 10.7% 9.6% 11.5% 10.6%   
EEI (fuels/heat) 1.01 1.00 0.84 0.74 0.74 0.73 0.79 0.79 0.82 0.89 0.84 -1.2% 
95% confidence interval (±) 9.3% 5.0% 8.2% 8.2% 10.3% 9.6% 10.1% 9.5% 12.2% 11.8% 11.8%   
EEI (NEU) 0.85 1.00 1.08 1.11 1.19 0.97 0.86 0.78 0.86 1.03 0.95 0.8% 
95% confidence interval (±) 11.1% 5.0% 10.8% 11.7% 12.2% 10.7% 12.0% 11.5% 11.2% 10.9% 11.4%   
EEI (total primary, excl. NEU) 0.98 1.00 0.97 0.94 0.86 0.88 0.90 0.88 0.80 0.84 0.86 -0.9% 
95% confidence interval (±) 10.5% 5.0% 10.0% 10.1% 9.7% 10.1% 10.8% 9.7% 10.7% 10.3% 9.6%   
EEI (total primary) 0.98 1.00 0.98 0.95 0.88 0.89 0.90 0.88 0.81 0.85 0.87 -0.8% 
95% confidence interval (±) 10.4% 5.0% 9.3% 10.1% 9.1% 10.2% 9.4% 9.8% 10.1% 9.2% 10.0%   
  Refineries   
EEI (electricity) 0.95 1.00 0.87 0.92 0.82 0.85 0.82 0.87 0.87 0.78 0.83 -0.9% 
95% confidence interval (±) 11.6% 4.9% 16.0% 13.6% 13.0% 16.9% 16.7% 13.6% 16.1% 16.2% 17.4%   
EEI (fuels/heat) 1.03 1.00 0.93 1.00 0.91 0.94 0.94 0.88 0.75 0.81 0.72 -2.3% 
95% confidence interval (±) 10.2% 5.0% 11.5% 10.2% 12.4% 12.7% 12.3% 12.9% 15.0% 15.1% 14.4%   
EEI (NEU) - - - - - - - - - - - N/A 
95% confidence interval (±) - - - - - - - - - - -   
EEI (total primary, excl. NEU) 1.02 1.00 0.93 1.01 0.91 0.94 0.94 0.90 0.80 0.86 0.78 -1.8% 
95% confidence interval (±) 9.9% 5.0% 10.2% 11.4% 12.7% 10.9% 10.6% 12.1% 12.4% 13.2% 14.0%   
EEI (total primary) 1.02 1.00 0.93 1.01 0.91 0.94 0.94 0.90 0.80 0.86 0.78 -1.8% 
95% confidence interval (±) 10.2% 5.0% 10.5% 12.0% 11.4% 12.3% 11.9% 12.1% 13.2% 15.4% 15.3%   

1 CAGR stands for compound annual growth rate and measures the development of the reference energy use and EEI between 1993 and 2008. 
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Figure 5.A-1: Development of reference energy use and realized energy use excluding CHP. All 

data are indexed to the base year (1995=1). Source: own estimations; CBS (2010b) 



173 Chapter 5 
 

 

c) Comparison of FYSI 2.0 results to the Benchmarking Covenant 
Figure 5.A-2 compares the reference energy uses according to FYSI 2.0 and the 
Benchmarking Covenant (VBE, 2008) and the realized energy uses according to 
Dutch energy statistics (CBS, 2010b) and the Benchmarking Covenant (VBE, 2008). 
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Figure 5.A-2: Development of the reference and realized energy use values according to FYSI 2.0 
and the Benchmarking Covenant, 1999-2007. All data are indexed to 1 for 1999. 
Source: own estimations; VBE (2008); CBS (2010b) 
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Appendix 5.B Decomposition analysis: methodology 
We provide the analytical background to the statistical decomposition analysis applied 
in our study. The methodology is known as the Log-mean Divisia Index Method I 
(LMDI I) and it has been developed by Ang and Liu (2001). Equations 5.B1 to 5.B6 
were used to estimate the quantitative contributions of production increase, structural 
changes and energy efficiency to explain the energy use of the selected industry 
sectors: 
 

sint,Dsstr,Dsprod,D
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stot,D ⋅⋅==    Equation [5.B-1] 
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where Dtot,s is total change in energy use (unitless) of sector s between year t2 and t1, 
Dprod,s is the effect of changes in increased production in sector s (unitless), Dstr,s is the 
effect of changes in product mix in sector s (unitless), Dint is the effect of 
improvements in energy efficiency in sector s (unitless), Et,s is the total energy use of 
sector s in year t for a given energy type (expressed in PJ/yr), Ei,t,s is the total energy 
consumption to produce product i of sector s in year t for a given energy type 
(expressed in PJ/yr), Yt,s is total production volume of all selected products of sector s 
in year t (expressed in Mt/yr) (= Σ(Yi,t,s) ), Yi,t,s is the production of product i of sector 
s in year t (in Mt/yr), Si,t,s is the production share of product i of sector s in year t (in 
%) ( =Yi,t,s/Yt,s), Ii,t,s is the specific energy consumption to produce product i of sector 
s in year t for a given energy type (expressed in GJ/t of product) (=Ei,t,s/Yi,t,s). 
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We carry out the decomposition analysis for the product scope of FYSI 2.0 
excluding the savings from CHP. We then applied the estimated Dprod, Dstr and Dint to 
the total energy use values reported in the energy statistics by starting with the energy 
use reported for year t1 (1993) and subsequently estimate the total energy use in year t2 
(2008). While this approach is workable for most sectors (the differences are 1-6% of 
the total energy savings reported), we estimate high differences for the fertilizer sector 
(-31%) and refineries (+12%) since our product selection does not completely 
represent the developments in the sector. Alternatively, the developments of the 
missing products of each sector could be estimated by correcting the reference energy 
use with the energy coverage (separately for electricity, fuels and heat and NEU). 
When we correct the energy developments of each sector with the energy coverage 
values of 1993 and 2008, the initial values of Dprod and Dstr slightly change (between -
2% and +5%) since our product scope covers a different share of the total energy use 
in 1993 and 2008. The difference in Dint is slightly higher between -8% and 0% for 
most sectors, with refineries (-15%) and the fertilizer sector (+36%) being the 
exceptions. This is explained by our approach to approximate the developments in the 
analyzed product scope to the remainder of the sector. The errors from this 
approximation are allocated as process efficiency improvements for each sector.  
 
Appendix 5.C Combined heat and power 
Approximately 35% of all CHP capacity installed in the Netherlands is located in the 
industry (3.6 megawatt electricity (MWe)) (including units 100% owned by industry 
enterprises and joint ventures) (CBS, 2011d). In some sectors a large share of the total 
fuel consumption is for heat and electricity cogeneration to be consumed for 
industrial production processes (see Table 5.C-1) and for sales to third parties. 
 
Table 5.C-1: Breakdown of fuel, electricity and heat use by sector and electricity and heat 

cogeneration from industrial CHP plants, 2008 (in PJ/yr) 

  

Fuel use Electricity Heat 

CHP Total 
final 

CHP 
Production 

Total 
final use 

CHP 
Production 

Total final 
use 

Other chemical 164 300 45 34 81 88 
Fertilizer 3 20 1 3 0 2 
Iron steel 3 31 0 10 2 2 
Non-ferrous 0 4 0 3 0 1 
Refineries 44 128 9 9 26 27 
Food 29 68 7 25 17 20 
Paper 22 31 6 13 12 13 
Building materials 1 26 0 6 1 2 
Total industry 267 608 69 103 138 156 
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a) Developments in industrial CHP use 
Industrial CHP capacity has grown until the end of 1990s with various promotion 
programmes including fiscal benefits and subsidies, and also as a result of industrial 
energy policies (e.g., LTAs) (see left-figure Figure 5.C-1). By the end of the 1990s, the 
liberalisation of the energy markets made the profitability of CHP more uncertain. As 
a consequence, industrial CHP capacity remained constant and only minor new 
capacity additions took place (see right-figure Figure 5.C-1). 
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Figure 5.C-1: Development of industrial CHP capacity, 1984-2008. Sources: CBS (1984-1997; 
2011d). Note: There are differences in the system boundaries of the refineries and 
mining companies for the period between 1984 and 1997 and for the period between 
1998 and 2008. Furthermore, it is not possible to distinguish between the CHP 
capacity installed in refineries and in mining companies as data is aggregated in 
statistics 

 
In a similar trend, CHP output (total of cogenerated heat and electricity) has 

increased until the end of 1998 (due to capacity additions) and thereon started to 
decrease or stabilize (for chemical sector) (no new capacity additions) (Figure 5.C-2). 
The total output has decreased in relative terms for two reasons: 

• Electricity production is increasing as opposed to decreasing total heat 
output. This is indicated by the rising power-to-heat (PHR) ratios for all 
sectors except for refineries (see left-figure Figure 5.C-3), 

• The load factors (annual operation rates) are slightly decreasing from an 
average of 70% and above in mid-1990s to less than 65% in 2008 for the 
paper and other chemical sectors and for refineries (see right-figure Figure 
5.C-3). 
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Figure 5.C-2: Development of total heat and electricity output from industrial CHP plants by 

sector, 1993-2008. Sources: CBS (1984-1997;2011d) 
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Figure 5.C-3: Development of power-to-heat ratio (left figure) and load factor (right figure) of 
industrial CHP plants by sector, 1993-2008. Sources: CBS (1984-1997;2011d) 

 
Increase in PHR could be explained by two reasons: more power production 

for own consumption in production processes or more power production for sales to 
the grid. Since industrial CHP capacity is typically built based on industrial heat 
demand, but not on electricity demand, we expect that latter explains the increase in 
PHR. We show this by estimating the share of electricity consumption from CHP of 
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each industry sector according to the energy statistics (see Figure 5.C-4). For all 
sectors, the estimated share of electricity consumption from industrial CHP has 
decreased in the period between 1993 and 2008. This shows that additional electricity 
cogenerated is most likely sold back to the grid. 
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Figure 5.C-4: Estimated shares of electricity consumption from CHP, 1993-2008. Sources: CBS 

(2011d). Note: share of electricity consumption from CHP (in %) is 1 – share of 
electricity consumption from grid (in %). Share of electricity consumption from grid 
is estimated by dividing the total electricity consumption balance by the sum of total 
final energetic and non-energetic electricity use and electricity use of other 
conversion balance 

 
As for refineries, in all other sectors fuel utilization efficiencies are decreasing 

from between 85% and 90% to between 75% and 85% in the period studied (see left-
figure Figure 5.C-5). This could be explained by increasing PHR and reduced load 
factors (EPA-CHP, 2008). Based on these developments, in all sectors except for the 
chemical sector, total primary energy savings (in absolute terms) are decreasing from 
2000 onwards (see right-figure Figure 5.C-5). In the chemical sector, however, total 
CHP output remains high which contributes to primary energy savings. 
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Figure 5.C-5: Fuel utilization efficiency of CHP plants and the total primary energy savings, 1993-
2008. Sources: CBS (1984-1997; 2011d); own estimates 

 
b) Short and long term potentials of industrial CHP use 

We estimate the potentials of industrial CHP until 2040 for each scenario. Here we 
first explain our methodology to estimate the future CHP potentials. In a subsequent 
section, we present the details of our results. 
 

a. Methodology 
We estimate the future CHP capacity based on the industrial heat demand. For each 
scenario, total heat demand is determined according to the technology development 
and production increase at sector level (see Section 5.2.2 in main text). We assume 
that all low and medium temperature heat could technically be provided by CHP 
(<400 oC) (Saygin et al., 2011a). Capacity required to meet this demand is the 
maximum technical CHP capacity achievable. We apply the following steps to 
estimate the additional technical CHP capacity: 

• We multiply the total heat demand with the share of low- and medium-
temperature heat use of each sector to estimate the amount of heat which 
could be technically provided by CHP (see Table 5.C-2), 

• We multiply the total low and medium temperature heat demand with PHR 
to estimate the maximum electricity production, 

• We estimate the maximum achievable CHP capacity by dividing the 
maximum electricity production by the load factor. 

 
The difference between this capacity and the existing CHP capacity gives the 

additional technical CHP capacity. We also estimate the additional primary energy 
savings by implementing additional CHP capacity in industry sectors. We do this by 
comparing the total fuel required to cogenerate the total CHP output and the total 
fuel required if the same output was to be produced in separate heat and power 
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systems. We estimate the achievable primary energy savings under two scenarios, 
namely current and new technology scenarios as summarized in Table 5.C-3. 
 
 
Table 5.C-2: Share of low and medium temperature heat demand in the selected sectors 

Total chemical 53% 
Basic metal 9% 
Refineries 66% 
Food 100% 
Paper 86% 
Building materials 8% 

Source: Euroheat and Power (2006) 
 
 
Table 5.C-3: Input parameters used in the CHP analysis 

   

Fuel utilization 
efficiency PHR Load factor 

Current New Current New Current New 
Total chemical 76% 85% 0.57 0.70 64% 70% 
Basic metal 85% 85% 0.20 0.70 36% 70% 
Refineries 78% 85% 0.35 0.70 66% 70% 
Food 80% 85% 0.42 0.70 45% 70% 
Paper 81% 85% 0.52 0.70 63% 70% 
Building materials 90% 90% 0.43 0.70 65% 70% 
  Average Marginal 

  
Power sector 40% 55% 
Boilers 90% 95% 

Sources: CBS (2010b;2011d) and ECN/PBL (2010) for current situation; Harmelink et al. (2010); Saygin et 
al. (2011a); Hers and Wetzels (2009) 
 

b. Results 
Summary of the scenario analysis for industrial CHP use is given in Table 5.C-4. 
 
Table 5.C-4: Summary of the scenario analysis for industrial CHP use, 2025 and 2040. Data refers 

to the results of the current and average cases according to Table 5.C-3 

  

BPT EME OTD 
2025 2040 2025 2040 2025 2040 

 Additional new capacity (MWe) 
Total chemical 304 222 304 -295 349 -349 
Refineries 250 -57 250 -109 316 -172 
Food 351 78 351 -189 385 -284 
Paper 0 0 0 0 0 0 
Other 0 0 0 0 0 0 
Total 904 244 904 -592 1,050 -805 
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BPT EME OTD 
2025 2040 2025 2040 2025 2040 

 Primary energy savings by additional capacity (PJ/yr) 
Total chemical 5 9 5 0 6 0 
Refineries 4 3 4 2 5 2 
Food 5 6 5 2 5 1 
Paper 0 0 0 0 0 0 
Other 0 0 0 0 0 0 
Total 14 18 14 4 16 3 
 Increase in primary energy savings from additional capacity (%) 
Total chemical 14 24 14 0 16 0 
Refineries 58 45 58 33 74 34 
Food 70 86 70 32 77 20 
Paper 0 0 0 0 0 0 
Other 0 0 0 0 0 0 
Total 23 29 23 7 26 6 

Note: Additional new capacity given for 2040 is the additional over the new capacity built in 2025. 
Negative values mean that new capacity built in 2025 will not be required in 2040 due to reduced heat 
demand of the studied sectors. 
 

There are two other studies which estimate the technical (PwC, 2009) and 
economic (Wetzels et al., 2009) additional CHP potential in the Dutch chemical sector 
in 2020. According to PwC (2009), there is a technical additional potential of 1,500 
MWe compared to current installed capacity of 1,900 MWe estimated based on 
industrial growth rate of 3% p.a. This is equivalent to a technical additional potential 
of around 485 MWe today (no growth in the sector). This compares with our findings 
for 2008 which is 450 MWe (for the current average load factors, power-to-heat ratios, 
fuel utilization efficiencies and to meet 60% of the sector’s total fuel and heat 
demand). Wetzels et al. (2009) estimate an economic additional potential between 400 
and 750 MWe by 2020 under various carbon price scenarios. 
 
Appendix 5.D Scenario analysis 

a) General methodology 
For the frozen, BaU and BPT scenarios, total energy use of each sector is estimated 
based on Equation 5.D-1. We repeat the calculation for each energy commodity 
separately. 
 

( ) ( )( )∑
=

−+××=
n

1x
2008t

ts,x,r1sx,Pts,x,SECst,TFEU   Equation [5.D-1] 

 
where TFEUt,s is the total energy use of sector s in year t (t>2008) (expressed in PJ per 
year), SECx,s,t  is the specific energy consumption of process x of sector s in year t 
(expressed in GJ per tonne), Px,s is the production volume of product x of sector s in 



Linking historic developments and future scenarios of 
industrial energy use in the Netherlands between 1993 and 2040 

 

182 

2008 (expressed in Mt per year) and rx,s,t is the physical growth rate of product x of 
sector s in the period between 2008 and year t (expressed in % p.a.). For the EME and 
OTD scenarios, the SEC values of each product covered in FYSI 2.0 could not be 
estimated due to lack of data availability. For those products, we cluster the remainder 
energy use in the energy functions at sector level (e.g., separation processes in the 
chemical industry). In the case of the EME scenario, the level of detail level is even 
lower, more products being clustered (e.g., process heaters, drying processes, motor 
systems, etc). In the OTD scenario, we apply a similar grouping at industrial level 
based on system and chain level energy functions (e.g., heaters, burners, coolers, heat 
exchangers) determined according to Cullen and Allwood (2010) and Cullen et al. 
(2011). As a subsequent step we estimate the energy saving potential in these energy 
functions at sector and industrial level. We correct the estimated TFEUt,s in each 
scenario by the energy use coverage estimated for 2008 according to Equation 5.D-2 
(separately estimated for each energy commodity). The energy use coverage shows the 
completeness of our bottom-up estimates for year 2008 based on our product 
selection for that sector (see Table 5.A-4). If it is equal to 100% then our bottom-up 
calculations are complete with respect to sector’s energy use as reported in energy 
statistics. 
 

sES,2008,TEU
s2008,TEU

2008c =       Equation [5.D-2] 

 
where c2008 is the coverage correction coefficient for year 2008 (in %) and TFEUES,2008,s 
is the reported total energy use of sector s in year 2008 according to energy statistics 
(CBS, 2010b). TFEU2008,s is estimated based on the production volume and SEC 
values which refer to the circumstances in 2008. We determine the SEC values in 2008 
by correcting for the SEC values of 1995 (i.e., original data in FYSI 2.0) with the 
estimated annual energy efficiency improvements for each sector. 
 

b) Overview of methodologies used to estimate the SEC data 
For each sector, we ideally estimate the SEC of each product for each scenario. 
However, data available for this purpose is limited. For this reason, we were able to 
compile a complete SEC dataset for all products of FYSI 2.0 for the Frozen, BaU and 
BPT scenarios only. For others, we filled data gaps based on other approaches. We 
present an overview of the approaches used for each scenario in Table 5.D-1. 
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Table 5.D-1: Overview of approaches used at sector level for the technology development 
scenarios 

  Frozen BaU BPT EME OTD 
Approach and detail level of the analysis (2025) 

SEC data and 
process level 
for some, for 
others 
clustering to 
process 
functions (see 
Table 5.D-3) 

Total chemical 

SEC data and process 
level 

SEC data and process level Basic metal 
Refineries 
Food Sector level 
Paper 

SEC data and process level Building 
materials 
Approach and detail level of the analysis (2040) 

Total chemical 

SEC data and process 
level 

SEC data and 
process level 

SEC data and 
process level 
for some, for 
others 
clustering to 
process 
functions 

Basic metal SEC data and 
process level Refineries 

Food Sector level 

Paper 

SEC data and 
process level 

Clustering to 
process 
functions 

Building 
materials 

SEC data and 
process level 
for some, for 
others 
clustering to 
process 
functions 

 
In the EME scenario, we cluster the process functions of the products of the 

total chemical, paper and building materials sectors as shown in Table 5.D-2. The 
process functions of the OTD scenario are given in Table 5.D-3. Table 5.D-4 
provides an overview of the current SEC values of BPT data (with years data refer to) 
and the thermodynamic minimum for each product of FYSI 2.0. Based on 
information from Table 5.D-2, Table 5.D-3 and Table 5.D-4 SEC values used in each 
scenario are given in Table 5.D-5. 
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Table 5.D-2: Processes  with SEC data available and process functions/product groups of the 
selected industries for the EME scenario 

 Total chemical Paper Building materials 

Processes 
with SEC 
data available 

ethylene, methanol, 
chlorine, nitric acid, 
ammonia (31% and 15% of 
sector’s total fuels/heat and 
heat and electricity use) 

N/A 

clinker, cement, glass (32% 
and 50% of sector’s total 
fuels/heat and electricity 
use respectively) 

Process 
function / 
product 
group 

separation processes (35% 
of sector’s total fuels/heat 
use) 

stock preparation (25% 
of sector’s total 
electricity use) 

ceramics (19% and 4% of 
sector’s total fuels/heat and 
electricity use respectively) 

process heat (34% of 
sector’s total fuels/heat 
use) 

forming (19% of 
sector’s total electricity 
use) 

others (49% and 46% of 
sector’s total fuels/heat and 
electricity use respectively) 

electricity (motor systems 
and others) (85% of 
sector’s total electricity use) 

pressing (31% and 13% 
of sector’s total 
electricity and 
fuels/heat use 
respectively) 

 

 

drying (17% and 75% 
of sector’s total 
electricity and 
fuels/heat use 
respectively) 

 

 

others (8% and 12% of 
sector’s total electricity 
and fuels/heat use 
respectively) 

 

 
Table 5.D-3: Process functions determined to estimate the theoretical energy savings for OTD 

scenario 
 Share 
Furnace 
(fuels/heat) 68% 

Driven system 
(electricity) 100% 

Steam system 
(fuels/heat) 32% 

Sources: Cullen and Allwood (2010); Cullen et al. (2011) 
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Table 5.D-4: Overview of the estimated SEC values of the current Best Practice Technologies (BPTs), new and emerging technologies and the 
thermodynamic minimum of the products analyzed in FYSI 2.0 

  

Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

Other chemical1 

Ethylene - 20.6 72.0 2008 - 15.2 72.0 0 6.7 72.0 

Phylipsen 
et al (1998); 

IPTS/EC 
(2003); 
Leuckx 
(2008) 

Ren et al. 
(2006) 

Neelis et al. 
(2007c) 

Methanol 0.2 8.6 19.9 1997 - 6.0 19.9 0 0 19.9 Hansen 
(2005); 

Saygin et al. 
(2011a) 

Ren et al. 
(2008) 

only NEU 
assumed 

Basic  
aromatics 0.1 2.1 40.5 2006 0.1 2.1 40.5 0 0 - 

See footnote 
1 

Cullen and 
Allwood 

(2010) 

Phosphor. 36.9 -1.8 34.3 1995 29.5 -2.1 34.3 0 0 34.3 

Alsema 
and 

Nieuwlaar 
(2001) 

only NEU 
assumed 

Silicon  
carbide 18.7 2.8 22.9 2006 15.8 1.4 22.9 0 0 22.9 

IPTS/EC 
(2007a); 
Alsema 

and 
Nieuwlaar 

(2001) 

Chlorine 10.0 1.9 - 2006 7.0 0.6 - 5.7 0 - Saygin et al. 
(2011a) 

Chlistunoff 
(2005) 

Schmitting
er (2000) 
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Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

PE -2.1 3.5 - 2006 -2.5 1.7 - 0 -3.8 - 

See footnote 
1 

Neelis et al. 
(2007c) 

PP 0.9 0.1 - 2006 0.6 0.5 - 0 -2.5 - 
PET 0.7 4.1 - 2006 0.3 2.0 - 0 0.2 - 
Ethylene  
glycol 0.2 4.7 - 2006 0.2 4.2 - 0 -2.7 - 

Soda ash - 10.0 - 2006 0.4 5.2 - 0 -4.1 - ITP (2006) 
Polystyrene 0.4 0.5 - 2006 0.3 0.6 - 0 -0.7 0 

Neelis et al. 
(2007c) 

Terephthalic 
acid 0.3 2.9 - 2006 0.3 1.6 - 0 -7.6 0 

Styrene - 7.7 - 2006 0.5 4.0 - 0 1.1 - 

Cyclohexane 0.1 -2.0 - 2008 0.0 -1.0 - 0 -2.4 0 Neelis et al. 
(2004) 

Carbon  
black - - 37.0 2006 0.8 - 37.0 0 0 37.0 Saygin et al. 

(2011a) 
only NEU 

assumed 

Fertilizer2 

Nitric acid 0.1 -9.5 - 1993 0.1 -11.0 - 0 -25.4 - Kongshaug (1998) 

Kongshaug 
(1998); de 

Beer 
(1998); 

Blok 
(2004) 

Ammonia 0.1 10.8 22.9 2006 - 5.2 22.9 0 0 22.9 Saygin et al. 
(2011a) 

Smit et al. 
(1994); de 

Beer (1998); 
Saygin et al. 

Blok 
(2004) 
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Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

(2010) 

Urea 0.1 1.0 - 2006 0.1 0.9 - 0 -0.1 - Saygin et al. 
(2011a) See footnote 

2 

Neelis et al. 
(2007c) 

Ammonium  
nitrate 0.1 0.4 - 1993 0.0 0.3 - 0.0 0.2 - Kongshau

ng (1998) 

Cullen and 
Allwood  

(2010) 

Iron and steel3 

Pig iron 0.0 1.6 9.1 2008 - -0.8 9.4 0 0 6.8 NL is BPT 

de Beer et al. 
(1998a);  

Worrell et al. 
(2007); 

Kuramochi 
et al. (2012); 

de Beer et 
al. (1998b) 

Sinter 0.1 1.3 - 1998 - - - 0 0 - 

Worrell et 
al. (2007) 

Cullen and 
Allwood  

(2010) Pellet 0.1 0.4 - 1998 - - - 0 0 - 

BOF 0.2 -0.9 - 2008 0.1 -0.9 - 0 0 - de Beer et 
al. (1998a); 

Blok 
(2004) 

EAF 1.6 0.3 - 1998 1.3 0.3 - 0 0 - 

HR 0.3 1.2 - 1998 0.2 0.2 - 0 0.0 - Fruehan et 
al. (2000) CR 0.3 0.2 - 1998 0.2 0.2 - 0 0.0 - 

Paper4 

Newsprint 2.2 4.2 - 2008 5.3 1.5 - 0 0 - 

IEA (2009) 
Alsema and 

Nieuwlaar 
(2001) 

Blok 
(2004) 

Coated 2.3 5.8 - 2008 2.6 1.6 - 0 0 - 

Uncoated 2.9 5.4 - 2008 5.3 1.5 - 0 0 - 

Household 3.6 5.7 - 2008 4.0 1.5 - 0 0 - 
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Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

Corrugated 2.9 5.4 - 2008 1.6 1.2 - 0 0 - 

IEA (2009) 
Alsema and 

Nieuwlaar 
(2001) 

Blok 
(2004) 

Wrapping 1.8 4.8 - 2008 1.6 1.2 - 0 0 - 

Grey 2.9 5.4 - 2008 1.6 1.2 - 0 0 - 

Folding box 2.9 5.7 - 2008 2.9 1.8 - 0 0 - 

Building materials5 

Clinker 0.1 3.0 - 2008 - 2.5 - 0 1.8 - 

Worrell et 
al. (2007); 
WBCSD 

(2011) 

WBCSD / 
IEA (2009) 

Taylor et al. 
(2006) 

Cement 0.3 0.6 - 2008 0.2 - - 0.2 0.1 - WBCSD 
(2011) 

WBCSD 
(2011) 

Cullen and 
Allwood  

(2010) 

Tiles 0.2 4.7 - 2005 0.1 3.2 - 0.1 1.5 - 

IPTS/EC 
(2007) 

Martin et al. 
(2000); 

Shulman et 
al. (2008) 

Bricks 0.1 2.5 - 2005 0.1 2.1 - 0.1 1.0 - 

Paving  
bricks 0.2 4.5 - 2005 0.1 2.3 - 0.1 1.1 - 

Glass 0.5 4.6 - 2008 0.3 3.3 - 0 2.3 - 

Alsema 
and 

Nieuwlaar 
(2001); 

IPTS/EC 
(2011) 

IPTS/EC 
(2011); 

CLCF (2011) 

IPTS/EC 
(2011); 
Gielen 
(1997) 
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Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

Non-ferrous6 

Primary 47.9 3.1 - 2003 30.6 2.6 - 21.6 0 - Aikaterini 
(2010) 

See footnote 
6 

Gielen 
(1998); 

IEA (2009) 

Secondary - 2.5 - 1993 0.3 2.4 - 1.1 0 - Worrell et 
al. (2007) 

Worrell et 
al. (2007) 

Primary zinc 13.3 1.3 - 1995 9.4 - - 5.7 0.5 - 

Alsema 
and 

Nieuwlaar 
(2001) 

Cullen and 
Allwood  

(2010) 

Anode 0.5 2.4 27.6 2001 0.4 1.7 27.6 0 0 - Worrell et 
al. (2007) BCS (2003) 

Refineries7 
Crude 0.0 0.4 - 2008 0.0 0.3 - 0 0.2 - 

Alsema and Nieuwlaar 
(2001); Worrell and 

Galitsky (2005) 

EERE 
(2006) Vacuum  

distillation 0.0 0.5 - 2008 0.0 0.3 - 0 0.4 - 

Coking 0.2 -1.0 - 2008 0.2 -1.3 - 0.1 -1.4 - Cullen and 
Allwood 

(2010) 
Thermal  
operations 0.0 0.8 - 2008 0.0 0.7 - 0.0 0.1 - 

Catalytic  
cracking 0.1 1.1 - 2008 0.1 1.2 - 0 -1.3 - EERE 

(2006) Catalytic  
reforming 0.0 1.8 - 2008 0.0 1.5 - 0 0.6 - 

Catalytic  
hydrocrack. 0.2 1.1 - 2008 0.2 0.9 - 0.1 0.2 - 

Cullen and 
Allwood  

(2010) 
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Current Best Practice Technology (BPT) New and emerging tech. Thermodynamic 
minimum References 

Elect. Fuels 
/ heat NEU Assumed 

data year Elect. Fuels 
/ heat NEU Elect. Fuels 

/ heat NEU BPT 
New and 
emerging 

technologies 

Therm. 
minimum 

Catalytic  
hydrotreat. 0.0 0.4 - 2008 0.0 0.3 - 0 0.2 - 

Alsema and Nieuwlaar 
(2001); Worrell and 

Galitsky (2005) 

EERE 
(2006) Alkylation 0.1 2.4 - 2008 0.1 2.0 - 0 -0.5 - 

Isom. 0.1 1.1 - 2008 - - - 0.0 0.2 - Cullen and 
Allwood  

(2010) 

Lubes 0.4 2.1 - 2008 - - - 0.2 0.3 - 
Hydrogen  0.5 132.0 - 2008 0.1 0.9 - 0 120.0 - 
Sulfur  0.3 1.9 - 2008 0.3 1.8 - 0.2 0.3 - 
Food8 

All products 
(index) 0.8 0.5 0.0 2008 0.6 0.4 1.0 0.5 0.1 - Alsema and Nieuwlaar 

(2001); Saygin et al. (2011b) 

Cullen and 
Allwood  

(2010) 
1 New chemicals added to FYSI 2.0 are excluded from the scenario analysis and are covered under the sector’s remainder energy use (see Table 5.A-1). Ren et al. 
(2006) quantify potentials to save at least 20% energy compared to the state-of-the-art naphtha cracking technologies. We apply this saving potential to the BPT 
value. 
Ren et al. (2008) quantify based on tandem reforming a SEC of 7-8 GJ per tonne of methanol production. We apply the lower end of this range. 
Chlistunoff (2005) quantifies potentials to save 30% electricity by oxygen depleted cathodes compared to the membrane technology. We assume that similar 
quantities of steam will be required to concentrate caustic same as in the membrane technology. 
For fuels and heat demand for the production of phosphorous and carbon black, we assume the same SEC values as BPT in 2040. 
We assume that there is energy saving potential of 40-45% in the separation processes (by membranes and other advanced separation systems according to the 
IEA (2009)) and process heaters (by advanced catalysts which reduces reaction energy) and more than 30% in the motor systems (by energy efficient motors and 
variable speed drives) compared to the frozen efficiency in 2040. 
2 For nitric acid production, we assume the steam export of a modern nitric acid plant today according to Kongshaung (1998) which is slightly higher than the 
current BPT. 
According to Smit et al. (1994) and de Beer (1998) new techniques could reduce the energy requirements of ammonia production to 24.2-26.1 GJ per tonne of 
ammonia in future. Saygin et al. (2010) show that the best plant currently in operation consumes 23 GJ per tonne of ammonia. 
For urea and nitric acid production processes, we assume the same SEC values as BPT in 2040. 
3 Based on Kuramochi et al. (2012), we assume a total coal input of 0.68 tonnes per tonne of hot metal (or pig iron). We assume that the process is a net steam 
exporter of -7.3 GJ per tonne of hot metal (de Beer et al., 1998a). Oxygen production is excluded from the system boundaries of the sector. 
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For all other processes (excluding casting and rolling), we assume the same SEC values as BPT in 2030. For casting and rolling, we assume additional fuels and 
heat savings of 1 GJ per tonne of crude steel by implementation of near net shape casting which combines the two processes into one. We use the same SEC 
values for 2030-2040. 
4 We divide the sector’s total final electricity and fuels and heat uses (according to the frozen efficiency scenario in 2040) into five energy functions as stock 
preparation (25% of sector’s total electricity and 0% of sector’s total fuels and heat use), forming (19% and 0% respectively), pressing (31% and 13% respectively), 
drying (17% and 75% respectively and others (8% and 12% respectively) (Alsema and Nieuwlaar, 2001). We assume that by 2040 there is a saving potential of 
~20%, ~8% and ~50% in stock preparation, forming and other energy function respectively. Likewise, we assume fuels and heat use savings potential of ~25%, 
~90% and ~50% for pressing, drying and other energy functions respectively (Alsema and Nieuwlaar, 2001). The savings in pressing and drying sections increase 
the related electricity demand by about 5-10%. These potentials refer to the situation in 2040 and estimated based on the ~2000 year potentials by correcting with 
an annual energy efficiency improvement rate of 0.3% p.a. 
5 The SEC of clinker production is assumed to reduce at the same rate as it is projected between 2010 and 2050 for the global cement industry according to the 
WBCSD/IEA (2009) (i.e. from 3.9 GJ/t in 2010 to 3.2 GJ/t in 2050). 
For cement grinding, we use the lowest energy use of the 2009 global cement grinding benchmark curve according to the Cement Sustainability Initiative 
(WBSCD, 2011). 
For tiles and bricks, we assume that the total of electricity and fuels and heat use could be reduced by up to half compared to the frozen efficiency by 
implementing energy efficient firing and drying processes (e.g. microwave assisted technologies). 
For glass production, we assume an additional saving potential of 15-30% over the current BPTs (i.e. oxy-fuel combustion technology) (e.g. BINE, 2008; Linde). 
6 Electricity consumption of the primary aluminium production refers to the carbothermic reduction process. 
For secondary aluminium production process, we assume a 50% energy saving potential compared to the current situation based on the implementation of new 
and improved recycling technologies (e.g. new furnaces, scrap decoating). Most energy saving potential is in process heaters and burners which consume about 
three-quarters of the total process energy where for example oxy-fuel combustion technology could halve the total process energy demand (Jupiter, 2006). The 
SEC of the new and emerging technologies is similar to that of the current BPT. 
We assume an energy saving potential of 20-25% compared to the BPT for the zinc electrowinning efficiency based on experimental data which determines the 
contribution of process factors to efficiency of the production process (Scott et al., 1988; Gürmen and Emre, 2003). 
We assumed a 20% energy saving potential for anode production compared to the current situation which is close to the SEC of the current BPT. 
7 We assume that in the short term (2020) the total of electricity and fuels and heat use could be saved by 35% from best practice steam systems, process heaters 
and by a higher degree of process integration and by improvements in the motor systems as well as advanced catalysts (for hydroprocessing and fluid catalytic 
cracking) (Alsema and Nieuwlaar, 2001; Worrell and Galitsky, 2005; KBC, 2008). In the long term (2035) we assumed that advanced process control (for all 
processes) and thermal cracking (for distillation units) could reduce the sector’s energy use by 5% and 15% respectively. 2035 and onwards we assume an annual 
energy efficiency improvement potential of 1% p.a. for all processes. 
8 We assume an energy saving potential of 50% compared to the case in 1995 (equivalent to 45% savings compared to 2008) assuming that there is additional 
saving potential beyond the current potential of BPTs for the food industry of the OECD and non-OECD countries (40% according to Saygin et al. (2011b)). 
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Table 5.D-5: Overview of SEC values of FYSI 2.0 products for each scenario. All data expressed in GJ final energy per tonne of products unless otherwise 
stated 

  

Average Average (Frozen) BPT BPT (same) EME OTD 
1995 2008/2025/2040 2025 2040 2040 2040 

Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat 
Other chemical 
Ethylene 0.3 30.0 0.2 25.3 0.2 18.6 0.1 17.3 0.0 15.2 0.1 13.5 
Methanol 0.2 13.6 0.2 11.5 0.1 7.5 0.1 6.9 0.0 6.0 0.0 4.1 
Basic aromatics 1.0 5.0 0.8 4.2 0.1 1.9 0.1 1.8 0.1 2.1 0.0 1.0 
Phosphorous 46.5 12.5 36.0 10.5 31.8 -1.9 29.5 -2.1 29.5 -2.1 17.3 -0.9 
Silicon carbide 25.7 3.3 19.9 2.8 17.0 2.6 15.8 2.4 15.8 1.4 9.3 1.4 
Chlorine 11.0 2.4 8.5 2.0 7.8 1.7 7.3 1.6 7.0 0.6 7.1 0.9 
PE 0.1 3.5 0.1 3.4 -2.3 3.2 -2.5 3.0 -2.5 1.7 -1.1 -0.2 
PP 1.0 1.0 1.0 1.0 0.8 0.1 0.8 0.1 0.6 0.5 0.4 -1.2 
PET 0.7 4.8 0.5 4.0 0.5 3.7 0.5 3.5 0.3 2.0 0.3 2.1 
Ethylene glycol 1.1 9.9 0.9 8.3 0.2 4.3 0.2 4.0 0.2 4.2 0.1 1.0 
Soda ash 0.8 12.2 0.6 10.3 0.4 9.1 0.4 8.4 0.4 5.2 0.2 2.9 
Polystyrene 0.5 1.4 0.4 1.2 0.4 0.5 0.3 0.4 0.3 0.6 0.2 -0.1 
Terephthalic acid 1.7 3.8 1.3 3.2 0.3 2.6 0.3 2.4 0.3 1.6 0.1 -2.4 
Styrene 1.1 9.4 0.9 7.9 0.6 7.0 0.5 6.5 0.5 4.0 0.3 4.4 
Cyclohexane 0.1 -1.7 0.1 -2.0 0.1 -2.2 0.1 -2.4 0.0 -1.0 0.0 -2.2 
Carbon black 1.6 16.4 1.3 13.8 0.9 0.0 0.8 0.0 0.8 0.0 0.5 0.0 
Fertilizer 
Nitric acid 0.1 -7.2 0.1 -7.2 0.1 -10.3 0.1 -11.1 0.1 -11.0 0.1 -17.4 
Ammonia 0.1 20.0 0.1 13.6 0.1 9.8 0.1 9.1 0.0 5.2 0.0 5.4 
Urea 0.2 5.8 0.1 4.1 0.1 0.9 0.1 0.9 0.1 0.9 0.1 0.5 
Ammonium  
nitrate 0.1 2.0 0.0 1.4 0.0 0.4 0.0 0.3 0.0 0.3 0.0 0.3 
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Average Average (Frozen) BPT BPT (same) EME OTD 
1995 2008/2025/2040 2025 2040 2040 2040 

Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat 
Iron and steel 
Pig iron 0.0 2.0 0.0 1.6 0.0 1.4 0.0 1.3 0.0 -0.8 0.0 0.8 
Sinter 0.1 1.4 0.1 1.1 0.1 1.1 0.1 1.0 0.0 0.0 0.0 0.0 
Pellet 0.1 0.7 0.1 0.5 0.1 0.3 0.1 0.3 0.0 0.0 0.0 0.0 
BOF 0.1 0.1 0.1 0.0 0.1 -0.9 0.1 -0.9 0.1 -0.9 0.0 -0.4 
EAF 1.7 0.5 1.7 0.4 1.4 0.3 1.3 0.3 1.3 0.3 0.8 0.2 
HR 0.4 1.8 0.4 1.4 0.2 1.1 0.2 1.0 0.2 0.2 0.1 0.6 
CR 0.5 1.1 0.5 0.9 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 
Paper 
Newsprint 4.8 7.7 5.8 6.5 2.0 3.9 1.8 3.6 5.3 1.5 1.1 2.1 
Coated 2.3 7.8 2.8 6.6 2.1 5.4 2.0 5.0 2.6 1.6 1.2 2.9 
Uncoated 4.8 7.7 5.8 6.5 2.6 5.0 2.5 4.6 5.3 1.5 1.4 2.7 
Household 3.6 7.5 4.4 6.4 3.3 5.2 3.1 4.9 4.0 1.5 1.8 2.9 
Corrugated 1.4 5.9 1.7 5.0 1.6 5.0 1.4 4.6 1.6 1.2 0.8 2.7 
Wrapping 1.4 5.9 1.7 5.0 1.6 4.4 1.4 4.1 1.6 1.2 0.8 2.4 
Grey 1.4 5.9 1.7 5.0 1.6 5.0 1.4 4.6 1.6 1.2 0.8 2.7 
Folding box 2.6 8.8 3.1 7.5 2.6 5.2 2.5 4.9 2.9 1.8 1.4 2.9 
Building materials 
Clinker 0.3 3.4 0.3 3.1 0.1 2.7 0.1 2.5 0.0 2.5 0.0 2.4 
Cement 0.4 0.6 0.4 0.6 0.3 0.5 0.3 0.5 0.2 0.0 0.2 0.4 
Tiles 0.3 7.0 0.3 6.3 0.2 4.3 0.2 4.0 0.1 3.2 0.2 3.1 
Bricks 0.2 4.7 0.2 4.2 0.1 2.2 0.1 2.1 0.1 2.1 0.1 1.7 
Paving bricks 0.2 5.1 0.2 4.6 0.2 4.1 0.2 3.8 0.1 2.3 0.1 2.8 
Glass 1.3 6.8 1.3 6.1 0.4 4.2 0.4 3.9 0.3 3.3 0.2 3.4 
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Average Average (Frozen) BPT BPT (same) EME OTD 
1995 2008/2025/2040 2025 2040 2040 2040 

Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat Elect. Fuels / 
heat Elect. Fuels / 

heat 
Non-ferrous 
Primary 54.9 3.7 48.2 3.1 42.9 2.8 39.8 2.6 30.6 2.6 34.1 1.5 
Secondary 0.6 5.7 0.5 4.8 0.4 2.1 0.3 2.0 0.3 2.4 0.7 1.2 
Primary zinc 14.8 2.4 13.0 2.0 11.5 1.1 10.6 1.1 9.4 0.0 9.1 0.9 
Anode 0.5 3.9 0.4 3.3 0.4 2.1 0.4 2.0 0.4 1.7 0.2 1.1 
Refineries 
Crude 0.0 0.6 0.0 0.5 0.0 0.4 0.0 0.4 0.0 0.3 0.0 0.3 
Vacuum  
distillation 0.0 0.7 0.0 0.6 0.0 0.4 0.0 0.4 0.0 0.3 0.0 0.4 
Coking 0.3 -0.7 0.3 -0.8 0.2 -1.1 0.2 -1.1 0.2 -1.3 0.2 -1.2 
Thermal  
operations 0.0 1.2 0.0 1.1 0.0 0.8 0.0 0.7 0.0 0.7 0.0 0.5 
Catalytic cracking 0.2 1.6 0.1 1.4 0.1 1.0 0.1 0.9 0.1 1.2 0.1 -0.1 
Catalytic  
reforming 0.1 2.6 0.0 2.3 0.0 1.6 0.0 1.5 0.0 1.5 0.0 1.2 
Catalytic  
hydrocracking 0.3 1.6 0.3 1.4 0.2 1.0 0.2 0.9 0.2 0.9 0.2 0.6 
Catalytic  
hydrotreating 0.0 0.6 0.0 0.5 0.0 0.4 0.0 0.3 0.0 0.3 0.0 0.3 
Alkylation 0.2 3.6 0.1 3.1 0.1 2.6 0.1 2.4 0.1 2.0 0.1 1.0 
Isomerization 0.1 1.6 0.1 1.4 0.1 1.0 0.1 0.9 0.1 0.9 0.1 0.6 
Lubes 0.6 3.2 0.5 2.8 0.4 2.0 0.3 1.8 0.3 1.8 0.3 1.2 
Hydrogen  0.7 137.7 0.6 135.4 0.4 131.0 0.4 130.1 0.4 132.5 0.2 126.0 
Sulfur 0.5 2.7 0.4 2.4 0.3 1.7 0.3 1.6 0.3 1.6 0.3 1.1 
Food 
All products 1.0 1.0 1.1 0.7 0.7 0.5 0.7 0.4 0.6 0.4 0.6 0.3 
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Table 5.D-6: Breakdown of total final energy savings in 2025 and in 2040 by current BPTs and new and emerging technologies. Note: the table provides an 
overview based on literature. While some technologies may be applicable for the Dutch industry, some may already have been implemented  

  

2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Chemical       28 96       25 202   

Ethylene, and 
aromatics 

Design 
optimization of 
furnace coils 

    

1 29 

Advanced furnace 
materials 2-3 10 

1 15 

Ren et al. 
(2006) 

Front-end 
demethanization    75 Gas turbine 

integration 3 13  

Gas turbine 2   Vacuum swing 
adsorption      

          Mechanical vapor 
recompression 1 5   

          
Advanced 
distillation 
columns 

0.1-0.3 60-90   

          Membranes 1.5 8   

Ammonia 

Impr. in reforming 
section 3-5   0 10 

Advanced 
reforming & 
synthesis 

3-4.5   0.1 11 Smit et al. 
(1994) 

Impr. in CO2 
removal  1-1.8             Kongshaug 

(1998) 
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Ammonia 

Low pressure 
synthesis 0.5-1             de Beer 

(1998) 

Improved process 
control 0.2-1.2             Rafiqul et al. 

(2005) 
Process integration 2-4             IEA (2008) 
New membrane 
materials for H2 
separation 

0.8-2              

Chlor-alkali 
Improved caustic 
current efficiency 0.7 8 0 0 

100% oxygen 
depleted cathode 3 30 1 1 Chlistunoff 

(2005) 
Low ohmic drop            

Carbon black Utilise tail gas 14 27 0 2 Technology 
remains same     0 0 

Leenderste 
and van 

Veen (2002) 

Polymers 

Monomor 
recovery   

10-50 6 2  (See below) 
        IPTS/EC 

(2007b)  Increase polymer 
concentration           

Other 
processes and 
cross-cutting 

Good 
housekeeping   5-15 21 53 Advanced catalysis   20-30   10 Ren et al. 

(2008) 
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Other 
processes and 
cross-cutting 

Improvement in 
process heating   30 Advanced 

membrane systems   20-30   19 IEA (2009) 

Improved 
separation   20 Process 

intensification   20 1 13 Saygin and 
Patel (2012) 

Energy efficient 
motors and 
variable-speed 
drives 

  15 
Further 
improvements in 
motor systems 

  20-30 5     

Basic metal       8 24       21 87   

Iron and steel 

Energy recovery 
(BOF) 1 

  5 23 

Smelting reduction 2.4 20 1 38 de Beer et al. 
(1998a) 

Steel shop 
automatisation   Near net shape 

casting 1   
1 18 

Worrell et al. 
(2004) 

Direct tapping 
(BOF)   Other 

improvements     Tata steel 
(2009) 

Thin slab casting 
(BOF) 0.1 

Slag heat recovery 
in BF (if no 
smelting 
reduction) 

0.35       Meijer et al. 
(2011) 

Hot charging and 
PM motors                

Impr. cold rolling               
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Iron and steel 

Recovery of 
sensible heat 
(pellet) 

              

Scrap preheating 
(EAF)               

Strip casting 
(EAF) 0.5             

Aluminium 

Modern pre-bake 
cells 

1.5 3 

2 0.4 

Inert anodes 
wettable cathodes 

5.1 38 7 0.1 

IEA (2009) 

Optimize cell 
operating 
conditions 

Carbothermic 
reduction 

Worrell et al. 
(2007) 

Recuperative 
burners, computer 
controls 

2.6 49 
Impr. recycling 
technologies (e.g., 
scrap decoating) 

2.7 51 0.001 - Martin et al. 
(2000) 

Impr. in anode 
production 1.0 26 Impr. in anode 

production 1.7 5 0.010 0.084 Jupiter 
(2006) 

Zinc 

Continuous dry 
zinc feeding   5 

0.4 0.3 

New and emerging 
technologies 5.6 38 1 0.4 Scott et al. 

(1988) 
Impr. process 
control   5           Gürmen and 

Emre (2003)  
Optimize energy 
use and supply   5-20             
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Other 
processes and 
cross-cutting 

Heat recovery   18-25             
Impr. in foundries 
and metal 
processing/steel 
finishing plants   32 0.3 1 

New and emerging 
technologies     2 10 IPTS/EC 

(2009draft) 

Impr. in other 
processes and 
electricity demand 

          
Alsema and 

Nieuwlaar 
(2001) 

Refineries       3 36       3 47   

  

Combustion 
improvement and 
steam generation 
(furnaces, boilers) 

  1 

  
  
  
  
  
  
 

3 

36 

Advanced process 
control   10 0.2 8 

Alsema and 
Nieuwlaar 

(2001) 

  Improved steam 
distribution   1 

 Thermal cracking 
(for distillation 
processes) 

  15 

0.3 4 

Worrell and 
Galitsky 

(2005) 

  

Better use of 
steam in stripping 
process and use of 
steam traps 

  6 Advanced catalysts 
(for FCC)   10 KBC (2008) 

  
Improved heat 
management and 
heat recovery 

  6 Advanced catalysts 
(for hydroprocess.)   10 IPTS/EC 

(2012a) 
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

  Process integration   8 Membranes (incl. 
for H2 make-up)       

  Waste heat boilers   6 Biodesulphurizatio
n   2   

  Process control   2 Other 
improvements       

  Fouling mitigation                 

  Advanced 
distillation   7            

  
Efficient 
drives/motor 
systems 

  25             

Food       11 19       16 28   

  
Energy 
management and 
advanced controls 

  1-5 

11 19 

Advanced 
membrane, novel 
separation 
technologies 

  30 

4 4 

Alsema and 
Nieuwlaar 

(2001) 

  

Steam systems 
(incl. process 
integration, heat 
cascading) 

  25-80 Advanced drying   30 Galitsky et al. 
(2003) 



 

 

20
1 

 
 

 
 

 
 

 
 

C
h

ap
ter 5 

  

2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

  
Improved product 
distribution in 
evaporators 

  30 Electronic beam 
pasteurization   90 Worrell et al. 

(2004) 

  

Optimisation heat 
exchangers, 
cleaning 
procedures, 
cooling 

  30 

Improved process 
heating (e.g., 
Steineker Merlin 
Evaporation) 

  70 IPTS/EC 
(2006) 

  
Improved process 
heating (incl. 
membranes) 

  20           Rosier (2010) 

  

Improvements in 
cleaning (e.g., 
reuse of cleaning 
agents) 

                

  Improvements in 
motor systems   25             

  Water efficiency 
measures                 

  Increase of 
regenerative                 

  Anaerobic 
digestion                 
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Paper       4 5       1 28   

  Energy 
management   7.5 

4 5 

Stock preparation   23 -0.3   de Beer et al. 
(1998b) 

  
Water 
management, min. 
water use 

    Forming   8 -1   
Alsema and 

Nieuwlaar 
(2001) 

  Reduction of fibre 
and losses     Pressing   9 -2 1 IEA (2009) 

  
Automation and 
advanced dryer 
controls 

    Drying   82 -1 23 IPTS/EC 
(2012b) 

  
Optimizing de-
watering at the 
press section 

  25             

  Hot press or shoe 
press   15-20             

  Direct gas fired 
ventilation air   40             

  Exhaust air 
humidity control   10             

  Exhaust air heat 
recovery   10             
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

  Condensate 
recovery   10             

  Process integration                 

  Motor electricity 
savings   20             

Building 
materials       5 12       7 24   

Glass 

Improved process 
control in melting 
tank 

    

2 3 

Tailored and 
segmented glass 
furnaces 

  10-25 

0.2 2 

BINE (2008) 

Increased use of 
cullet (10% 
increase) 

  2.5-3 High speed 
convection   40 IPTS/EC 

(2011) 

Larger furnaces     
Submerged 
combustion 
melting 

  5-7.5 CLCF (2011) 

Regenerative 
heating         30-50 Linde 

Oxy-fuel 
technology with 
cullet pre-heating 
and heat recovery 

  30-40 

Advanced cullet 
and batch heaters 
(savings compared 
to oxy-fuel without 
a preheater) 

1     
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Glass 

Further measures 
in forehearth and 
forming, annealing 
and finishing 

  20-50 
High temperature 
combustion 
systems 

      

Ceramics   

Improved 
kiln/dryer systems    36 0.1 3 

Microwave 
assisted firing and 
drying processes 

  48 0.1 2 Martin et al. 
(2000) 

                    IPTS/EC 
(2007c) 

                    Shulman et 
al. (2008) 

Cement 

Dry kilns 

1 16 0.4 0.2 

(Clinker plant will 
be decomissioned)     

0.4 2 

  

Kilns with multi-
stage preheaters 

Non-mechanical 
milling/grinding 
technologies 

0.2 50 WBSCD 
(2011) 

Heat optimisation 
techniques             

High pressure 
grinder rolls             

Improved motor 
systems/drives             
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2025 2040 

References 
Name and short 
description of the 
measure / 
technology option 

Savings compared to average (2008) 
Name and short 
description of the 
measure / 
technology option 

Savings 
compared to 

average (2008) 

Add. savings 
compared to 
BPT (2008) 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

Specific fuel & 
electricity savings 

Total 
elect. 

Total 
fuel 

(GJ/t 
output) (%) (PJ/yr) (PJ/yr) (GJ/t 

output) (%) (PJ/yr) (PJ/yr) 

Waste heat 
recovery for 
cogeneration 

            

Others Improved 
kiln/dryer systems     3 6 New and emerging 

technologies     0.3 2   

Other cross-
cutting       0 75       0 75   

CHP (existing 
and new 
capacity) 

        75         75   

Recycling (Excluded)         (Excluded)           
Material 
efficiency 
improvements 

(Excluded)         (Excluded)           

Feedstock 
switching (Excluded)         (Excluded)           

Fuel switching (Excluded)         (Excluded)           
Total industry 
(excluding other cross-cutting)     59 206       73 416   

 



Linking historic developments and future scenarios of 
industrial energy efficiency use in the Netherlands between 1993 and 2040 

 

206 

c) Results 
Table 5.D-7 shows the total industrial energy use according to each scenario. 
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Table 5.D-7: Detailed results of the scenario analysis, 2008, 2025, 2040. All data is expressed in PJ final energy per year unless otherwise stated 

  

Electricity Fuels / heat NEU Total primary energy use 
(excl. NEU) 

2008 2025 2040 2008 2025 2040 2008 2025 2040 2008 2025 2040 
Frozen 
Total chemical 46 53 62 305 359 412 524 613 702 419 471 532 
Basic metal 33 43 52 39 59 72 58 89 109 120 148 173 
Refineries 9 9 9 165 160 154 - - - 188 179 171 
Food 25 28 33 67 77 90 - - - 129 136 154 
Paper 10 11 14 27 30 37 - - - 53 54 65 
Building materials 6 6 7 28 28 34 - - - 42 41 48 
Total 128 150 177 631 713 798 582 702 811 952 1,030 1,142 
BPT 
Total chemical 46 26 25 305 259 276 524 613 702 419 313 324 
Basic metal 33 34 39 39 34 38 58 78 84 120 107 114 
Refineries 9 6 6 165 125 113 - - - 188 138 124 
Food 25 17 18 67 47 51 - - - 129 83 87 
Paper 10 7 8 27 24 27 - - - 53 38 42 
Building materials 6 3 3 28 20 22 - - - 42 26 28 
Total 128 93 99 631 508 527 582 691 787 952 706 720 
EME 
Total chemical 46 26 20 305 259 223 524 613 702 419 313 261 
Basic metal 33 34 31 39 34 -15 58 78 111 120 107 45 
Refineries 9 6 6 165 125 107 - - - 188 138 118 
Food 25 17 17 67 47 47 - - - 129 83 80 
Paper 10 6 11 27 22 8 - - - 53 36 30 
Building materials 6 3 3 28 20 16 - - - 42 26 21 
Total 128 93 87 631 507 386 582 691 813 952 703 556 
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Electricity Fuels / heat NEU Total primary energy use 
(excl. NEU) 

2008 2025 2040 2008 2025 2040 2008 2025 2040 2008 2025 2040 
OTD 
Total chemical 46 37 25 305 249 180 524 613 702 419 326 228 
Basic metal 33 33 29 39 35 16 58 83 95 120 104 74 
Refineries 9 7 4 165 129 97 - - - 188 143 106 
Food 25 18 13 67 50 35 - - - 129 89 60 
Paper 10 7 4 27 19 15 - - - 53 33 23 
Building materials 6 4 3 28 21 18 - - - 42 30 23 
Total 128 105 78 631 503 361 582 696 797 952 724 514 
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Appendix 5.E NEU of the other chemical sector 
According to FYSI 2.0, there is a substantial increase in the EEI of NEU of the other 
chemical industry between 1993 and 2008: 3.5% p.a. (and 2.6% p.a. in the total 
chemical industry). While the bottom-up NEU of the other chemical industry is 
growing by around 1.2% p.a. only, the reported NEU according to Dutch energy 
statistics (CBS, 2010b) is growing at a much faster rate of 5.6% p.a. The EEI 
development according to FYSI 2.0 compares to the results obtained an earlier update 
(Roes and Patel, 2008) as well as the first version of the model (Neelis et al., 2004) 
until and including 2006 (see Figure 5.E-1). From 2006 to 2008, there is a sharp 
increase from 1.1 to 1.36 which translates to a decrease in the NEU efficiency. 
However, since we do not expect that the specific NEU of the production processes 
of the other chemical sector would increase (no considerable changes with regard to 
back-to-monomer recycling as well as improvements in the sector’s reported data in 
energy statistics since 2007; Roes et al., 2010), these developments point to possible 
errors in the reported NEU according to energy statistics. Based on communication 
with officials of the Dutch statistics office, we know that the chemical industry’s 
reported energy use is being currently revised (CBS, 2011g). 
 

Other chemical sector: non-energy use
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Figure 5.E-1: Development of EEI according to three updates of FYSI 2.0 model. Note: 

Differences in FYSI 2.0 estimates are due to the addition of TDI which also 
consumes feedstock (toluene) until 2007 and due to the due to corrections in 
ethylene production in FYSI 2.0 starting with year 2005 

 
We now study in more detail the development of the reference energy use 

and NEU as reported in Dutch energy statistics for the period between 1993 and 2008 
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(CBS, 2010b). According to Figure 5.E-2, while FYSI 2.0 estimates of NEU between 
1993 and 1998 are rather in an acceptable range in comparison to corrected Dutch 
energy statistics (CBS, 2010b); from 1999 onwards FYSI 2.0 estimates are much 
lower. NEU could be increasing (indicated by organic raw material consumption) due 
to more demand for the production of basic chemical and intermediates since the 
Dutch chemical industry is a net exporter of basic chemicals, intermediates and 
polymers. 
 

The modelled and the reported NEU of the other chemical sector is largely 
determined by the steam cracking process (i.e., ethylene production; 80% of the total 
NEU modelled). The bulk of the remainder energy use (15%) is covered by another 
three production processes, namely methanol, polystyrene and cyclohexane (2007 and 
onwards by the total of benzene, toluene and xylene, i.e., BTX). Inorganic chemical 
production processes (i.e., carbon black, phosphorous and silicon carbide) cover the 
remainder NEU modelled (5%).  Since there are no chemical production processes 
other than covered in FYSI 2.0 which consume non-energy, we find our model 
reliable with respect to product coverage.  
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Figure 5.E-2: Total modelled NEU according to FYSI 2.0 and as reported by the Dutch energy 
statistics (in absolute values). Note: For years 2007 and 2008 no corrections were 
made to Dutch energy statistics (based on Neelis (2006)), since these corrections 
were taken into account by the Dutch national statistics office 2007 and onwards. 
We harmonize FYSI 2.0 to these corrections by adapting the bottom-up NEU 
estimation according to the information from Roes et al. (2010) 
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Based on above explanations, a number of uncertainties related to the data 
used in the comparison could explain the differences between the modelled and the 
reported values: (i) ethylene production was over-reported in earlier years or was 
under-reported in most recent years, (ii) NEU correction data according to Neelis 
(2006) was too high for the years 2005 and 2006, (iii) SEC values for NEU used in 
FYSI 2.0 are too low to cover the NEU of the steam cracking process, and (iv) 
although according to Dutch energy statistics Netherlands follows a net definition of 
NEU, in most recent years, a mix of other definitions were followed (i.e., semi-gross) for 
natural gas (5-15% of total NEU) and for oil and oil products (85-95% of total NEU), 
and as a result, NEU is over-reported in most recent years in the Dutch energy 
statistics. We expect that the uncertainties in ethylene production are low. For each of 
the other three items, we provide the below explanations: 

(i) We corrected the reported values in Dutch energy statistics (CBS, 2010b) 
by the quantitative effects of inconsistencies in the NEU of the other 
chemical industry according to Neelis (2006). These data, however, cover 
the period between 1995 and 2004 only. For the years 2005 and 2006, we 
use the same value of 2004 to correct the reported values (51 PJ). The 
same value may not be applicable for these years; however, since the 
difference between the corrected and uncorrected energy statistics is 
between 10 and 20% only, we find uncertainties arising from this 
approximation as acceptable. 

(ii) We use SEC values of 72 GJ and 30 GJ per tonne of ethylene for NEU 
and fuels/heat respectively (data refers to the net definition of NEU, and 
is corrected for feedstock types) to estimate the total energy use of the 
steam cracking process. In a similar bottom-up model applied for the 
Dutch, German, Western Europe and global chemical industries (the so-
called PIE model) (Neelis et al., 2007c; Roes et al., 2010; Saygin et al. 
2012) (see Chapter 4), the energy use of the steam cracking process was 
also estimated based on ethylene production by using SEC values which 
are different than in FYSI 2.0. In the PIE model, total organic raw 
material input for each feedstock type is provided separately and each 
region is differentiated by feedstock type. In the Netherlands, more than 
90% of the steam cracking capacity is based on naphtha, and the 
remainder is based on propane (OGJ, 1995-2010b). The corresponding 
SEC values for the net definition of NEU in the PIE model are94: 88.1 
and 64.3 GJ per tonne of ethylene NEU for naphtha and propane 
respectively, and 35.5 and 24.1 GJ per tonne of ethylene fuels/heat use 
for naphtha and propane respectively (based on average situation in the 

                                                 
94 According to Neelis et al. (2003), net definition of NEU excludes fuel use and backflows from the 
petrochemical sector, and only the feedstock values are reported under NEU. Fuel use is reported as final 
energy use and backflows are reported as deliveries to refineries. 
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case of Europe). For year 2008, where total ethylene production capacity 
is based on 96% naphtha and 4% propane, this is equivalent to a SEC of 
87.1 GJ per tonne of ethylene (NEU) and 35 GJ per tonne of ethylene 
(fuels/heat use). In total this is a difference of 20 GJ per tonne compared 
to the SEC values used in FYSI 2.095. 

 
Using the SEC value for NEU according to the PIE model, we re-
estimate the Dutch chemical sector’s NEU and compare it to the 
reported values according to the Dutch energy statistics (CBS, 2010b) 
(see Figure 5.E-3). Our corrected estimates are much closer to the 
reported data until 2004/2005. Thereon, differences between the 
estimated and reported values remain, but are much smaller. We conclude 
that by adapting the SEC values for NEU in FYSI 2.0 and by accounting 
for feedstock type over time-series, we partly explain the aforementioned 
differences. The latter was also mentioned by Neelis et al. (2007c) as a 
source of uncertainty in the NEU estimates by the earlier version of FYSI 
2.0. 
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Figure 5.E-3: Total NEU estimated according to FYSI 2.0 and as reported by Dutch energy 

statistics (in absolute values) (CBS, 2010b), 1993-2008. Bottom-up estimates for 
years between 1993 and 1995 are identical since we had no feedstock breakdown for 
these years. 

                                                 
95 It could be argued that the Dutch chemical industry is more efficient compared to the average of 
Europe, and thereby the steam crackers in the Netherlands as well (Vleeming et al., 2009). This could 
explain the 5 GJ per tonne of ethylene difference in the process energy used in the PIE model and FYSI 
2.0. 
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(iii) Although the system boundaries of FYSI 2.0 are harmonized with the 
Dutch energy statistics (CBS, 2010b) to ensure net definition of NEU is 
followed, differences in recent years indicate that a mix of net and gross 
NEU definitions may be used. According to gross definition, fuels/heat 
used as process energy are combined with feedstock energy and reported 
together under NEU, thereby increasing the absolute quantities of total 
NEU reported as opposed to quantities based on net definition only. The 
NEU definitions could be mixed either when energy statistics are 
prepared by the national statistics office or when companies report their 
total energy use data to the national statistics office. The comparison of 
our bottom-up estimates to the reported data is a strong indication that 
this could be the case, however, a more detailed check by energy carriers 
is required to confirm our hypothesis. Similarly, uncertainties regarding 
reported data in Dutch energy statistics were earlier mentioned by Neelis 
et al. (2003;2007c) and other uncertainties related to inconsistent system 
boundaries were covered by Neelis and Pouwelse (2008). Moreover, 
earlier analysis showed that German Energy Statistics diverted from the 
default mix of NEU definitions over time (Saygin et al., 2012) which 
resulted in substantial differences in annual energy efficiency 
improvement estimates for the German chemical industry. 
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Part 3: 
Potentials of measures other than energy efficiency to reduce 
industrial CO2 emissions 
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6 Modelling the future CO2 abatement potentials of energy 
efficiency and CCS: The case of the Dutch industry96 

 
Deger Saygin, Machteld van den Broek, Andrea Ramírez, Martin K. Patel, 

Ernst Worrell 
 

Abstract 
Reaching the long term targets of climate policies requires the implementation of a 
portfolio of measures. This paper quantifies the potentials of energy efficiency 
technologies and CO2 capture and storage (CCS) for seven Dutch industry sectors 
between 2008 and 2040. Economically viable energy efficiency technologies offer 
carbon dioxide (CO2) emission reduction potentials of 25 ± 8% in 2040 compared to 
1990 levels. Economically vaiable CCS options can raise indusry’s total emission 
reductions to 39-47%. These potentials require abatement costs of 92 € (Euro) per 
tonne CO2 according to International Energy Agency’s ambitious climate scenario. 
While economically viable potentials of improving energy efficiency may exist in all 
sectors (energy efficiency improvements of 2% per annum (p.a.)), CCS potentials exist 
in the fertilizer, basic metal and refinery sectors with abatement costs estimated at 25-
120 €/t CO2. Implementing CCS in these sectors reduces total industry’s energy 
efficiency improvement rates from 2% to 1.6% p.a. and increases total industrial 
energy use by at least 10%. If higher emission reduction goals are aimed at, improving 
energy efficiency and CCS will need to be complemented by other measures. 

                                                 
96 Submitted. 
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6.1 Introduction 
By 2008, economy-wide greenhouse gas (GHG) emissions of the European Union 
(EU) were approximately 11% below the 1990 level (5 gigatonnes (Gt) carbon dioxide 
equivalents (CO2-eq) versus 5.6 Gt CO2-eq)  (UNFCCC, 2011). By 2050, the EU plans 
to achieve 80% reductions compared to 1990, resulting in total emissions of 1-1.2 Gt 
CO2-eq (EC, 2011). According to the same plan (EC, 2011) each sector should reduce 
its emissions by more than 50% to up to nearly 100% (e.g., 54-67% CO2 emission 
reduction in the transportation sector vs. 93-99% for the power sector). 
Manufacturing industry and refineries (hereafter jointly referred to as ‘industry’) 
should aim for 83-87% reductions (EC, 2011)97. Reaching these goals will require the 
deployment of various measures. Improving energy efficiency is economically viable 
and it offers large potentials (e.g., Worrell et al., 2009), but alone it may not be 
sufficient to reach such substantial reductions. CO2 capture and storage (CCS) can 
play an important role, but it increases energy use and therefore it will have an adverse 
effect on energy savings. Also investing in CCS may delay the implementation of 
energy saving measures as a lower share of industrial CO2 emissions (at plant level) 
will be subject to CO2 price (EC, 2012). On the other hand, improvements in energy 
efficiency may reduce the need for CCS. However, only few studies address the 
outcome of implementing different technologies together (e.g., Moya et al. 2011). In 
view of this knowledge gap, the goal of this chapter is to quantify the extent to which 
a portfolio consisting of both energy efficiency technologies and CCS could offer 
economically viable CO2 emission reductions and how CCS could influence the gains 
from energy efficiency. 
 

Among the EU countries, the Netherlands accounted for about 4% of the 
total GHG emissions (205 megatonnes (Mt) CO2-eq) in 2008. The share of GHG 
emissions from the Dutch industry is similar to the EU average (29%; 60 Mt CO2-
eq/yr) (PBL, 2010; CBS, 2011a). CO2 emissions represent 94% of the total industrial 
GHG emissions in the Netherlands (57 Mt) and 89% of the CO2 emissions are from 
fuel combustion (51 Mt). The remainder 11% of the emissions are non-energy related 
from industrial processes (e.g., emissions from mineral products and ammonia 
production) (6 Mt) (see Figure 6-1) (PBL, 2010). The analysis of industrial fuel use and 
the related CO2 emissions in the Netherlands (e.g., Ramírez et al., 2005;2006; Neelis et 
al., 2007) as well as the assessment of its reduction potentials were central themes of 
various studies. These studies assessed the potentials of improving energy efficiency 
(e.g., Blok and Turkenburg, 1994; de Beer et al., 1996; Phylipsen et al., 2002; Saygin et 

                                                 
97 The roadmap aims to stabilize the GHG emissions to 450 parts per million volume (ppmv) CO2-eq by 
2050 which would limit the mean global average temperature rise to 2 oC compared to the 1990 levels. 
There are no country specific goals mentioned in the roadmap, and in the future, reductions of the Dutch 
industry may differ from that of the EU. By interpolating data available for years 2005, 2030 and 2050, we 
estimate the emission reduction goals for 2025 and 2040 as 31-36% and 59-64% respectively. 



219 Chapter 6 
 

 

al., 2012) (see Chapter 5) CCS98 (e.g., Damen et al., 2009; van Straelen et al., 2010; van 
den Broek et al., 2010;2011; Berghout et al.), switching to low carbon energy and raw 
material supply sources (e.g., biomass) (e.g., PGG, 2006; de Jong et al., 2006; Blaauw 
et al., 2008; Vesterinen, et al., 2010) and improved materials efficiency (e.g., Worrell et 
al., 1995; Laurijssen et al., 2010; Corsten et al., 2010). 
 

Among these measures, most research for the industrial sector has focused on 
conservation of fuel use by improving energy efficiency as it is a relatively cheap 
option (IEA, 2009a, Worrell et al., 2009). On the other hand, potentials and other 
technical and environmental issues related to CCS have mostly focused on the power 
sector (e.g., von Hirschhausen et al. 2012). Only few studies assess in detail the CCS 
potentials for the industry sector and they mostly focus on generic process designs 
(e.g., IEA, 2009a; UNIDO, 2010; Kuramochi et al., 2012). These studies mainly assess 
the reduction potentials in a few sectors, in particular those with high emissions and 
with high CO2 concentration in the flue gases (e.g., iron, and cement production, 
refinery processes). While this is justified by the current concentration of industrial 
CO2 emissions, less energy-intensive sectors consist of a large number of scattered 
plants which also provide capture potentials (e.g., >80 plants in the Dutch food 
sector, >20 plants in the paper sector) (see Figure 6-1).  
 

This chapter is organized as follows. In the next section, we describe the 
methodology and provide an overview of the input data. In Section 2.3, we project 
industrial CO2 emissions in the Netherlands at sector level between 2008 and 2040 for 
various energy efficiency scenarios and identify which sectors offer the largest 
potentials for CCS. We then quantify the emission reduction potentials by improving 
energy efficiency and by CCS. Next, we discuss the validity of our findings in view of 
the uncertainties of our analysis and provide recommendations for future research 
(Section 6.4). We end this chapter in Section 6.5 with conclusions which are relevant 
for policy makers and the industry. 
 

                                                 
98 CCS comprises the separation of CO2 from industrial and energy-related sources as well as the 
transport of CO2 to a storage location where is isolated for long term from the atmosphere (IPCC, 2005). 
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Figure 6-1: Total direct CO2 emissions of the Dutch industry sectors, (a) by fuel type and 

conversion (data include emissions from joint venture combined heat and power 
(CHP) plants which were originally excluded from the Dutch energy statistics (CBS, 
2010) and the national GHG emission inventories (PBL, 2010)) (own estimates 
based on CBS (2010;2011a)), (b) by plant (data includes emissions from CHPs which 
are covered in the Dutch energy statistics only) (own estimates based on ER (2011) 
and ECN/PBL (2010)) 
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6.2 Methodology 
In the first two sections, we explain our methodology to estimate the industrial CO2 
emissions in the Netherlands between 2008 and 2040. Next, we explain the 
methodology to estimate the emission reduction potentials by improving energy 
efficiency and CCS. 
 
6.2.1 Dutch industry’s CO2 emissions: 2008 
In this study, we use a bottom-up model which was developed to analyze the 
industrial energy use in the Netherlands at product level (Ramírez et al., 2006; Neelis 
et al., 2007; Saygin et al., 2012). We use a modified version of the model to analyze the 
CO2 emissions of seven industrial sectors based on the 62 most energy-intensive 
products (see Appendix 6.A). The sectors analyzed include: the petroleum refineries 
and the other chemical, fertilizer, basic metal (total of iron and steel and non-ferrous 
metals sectors), paper (excluding printing and publishing), building materials and food 
sectors which are the most important from an energy point of view. For each product, 
the model includes: (i) the amount of energy consumed per physical unit of product 
(specific energy consumption (SEC), total use of fuels and heat in primary energy 
terms99) for the year 2008 and (ii) the production volumes for 2008.  
 

We estimate the total direct CO2 emissions (TEj,2008 in Mt CO2/yr) of sector j 
with x representing the number of selected processes for 2008 according to Equation 
6-1: 
 

( )∑
=

××=
n

1x j,2008x,EEFj,2008x,Pj,2008x,SECj,2008TE   Equation [6-1] 

 
where SECx,j,2008 is the SEC for process x in sector j (in gigajoules (GJ) per tonne of 
product) in 2008, Px,j,2008 is the production volume (in Mt/yr) of process x of sector j 
in 2008 and EEFx,j,2008 is the estimated emission factor (in t CO2/GJ) of process x of 
sector j based on the fuel mix of 2008 for that process (see Appendix 6.A). We 
estimate the EEF by allocating the fuels consumed for energy purposes (e.g., naphtha 
in steam cracking process) to individual products in our model (e.g., ethylene) (CBS, 
2010; PBL, 2010). 
 
6.2.2 Projections of CO2 emissions: 2008-2040 
In this study, we project industrial CO2 emissions for three scenarios and analyze the 
period 2008-2040 based on earlier work by Saygin et al. (2012). These scenarios are:  

                                                 
99 Primary fuel equivalent for steam production is estimated by dividing the specific steam consumption 
by a factor of 0.9 which refers to the conversion efficiency of industrial stand-alone steam boilers (Neelis 
et al., 2007). 
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(i) Frozen efficiency: no improvements in efficiency, SECs remain constant, 
i.e., SECx,j,2008=SECx,j,t, 

(ii) Business as Usual (BaU): autonomous reductions in primary energy use 
of 1% p.a. (per annum) estimated based on the historical achievements in 
the Netherlands between 1980 and 2008 (Ramírez et al., 2006; Neelis et 
al, 2007; Saygin et al, 2012), 

(iii) Best Practice and New and Emerging Energy Efficiency Technology 
(BPT/EME): implementation of BPTs by 2025 and new and emerging 
technologies by 2040 in all processes of the sectors based on a literature 
review of energy efficiency technologies (Saygin et al., 2012). 

 
To project CO2 emissions, we first estimate the total direct CO2 emissions of 

the frozen efficiency scenario (TESj,t,e in Mt CO2/yr) of sector j in year t for energy 
carrier e according to Equation 6-2: 
 

( ) ( )[ ]∑
=

−
+××=

n

1x
2008t

tj,r1eEFej,2008,Cfrozene,t,j,TES   Equation [6-2] 

 
where Cj,2008,e is total primary energy consumption of any of the four components ((i) 
final consumption energy use, (ii) final consumption non-energy use (accounting for 
carbon stored in end products of the sector), (iii) conversion balance for other 
conversion processes and (iv) conversion balance for CHP) which constitute the 
consumption balance of sector j in year 2008 for energy carrier e according to Dutch 
energy statistics (CBS, 2010; see Appendix 6.A) (in petajoules (PJ) per year); r is the 
average annual growth rate of sector j between 2008 and year t (in % p.a.), and EFe is 
the emission factor of energy carrier e (in t CO2/GJ)100. The sum of TESj,t,e for all 
energy carriers yields the sector’s total CO2 emissions based on the Dutch energy 
statistics (TESj,t) (CBS, 2010). We use a single scenario for the average annual growth 
rates based on the reference projections of ECN/PBL (2010) where the authors 
assume that growth is independent from the climate policy scheme (see Appendix 
6.B). 
 

For the BaU and the BPT/EME scenarios (z), we use the estimated SEC 
values for each product and each scenario according to Saygin et al. (2012). We then 
apply them to Equation 6-1 to estimate the TEj,t,z of sector j for year t. Since our 
product selection does not cover the total CO2 emissions of sector j, we estimate the 
uncovered CO2 emissions (in Mt CO2/yr) in year t for scenario z for component c of 
the Dutch energy statistics (CBS, 2010) based on Equation 6-3: 
 

                                                 
100 We use emission factors which are specific to the Netherlands (PBL, 2010).  
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cz,t,j,TEcfrozen,t,j,TES
frozent,j,TE

zt,j,TE
cz,t,j,emissions Uncovered −×=  Equation [6-3] 

 
Equation 6-3 assumes that the average CO2 emission reductions (compared 

to frozen efficiency scenario) achieved at process level will also apply to uncovered 
processes of the sector. Adding the total of TEj,t,z,c and Uncovered emissionj,t,z,c gives the 
total direct CO2 emissions for sector j in year t according to energy efficiency scenario 
z for component c (in Mt CO2/yr)101. The total of all components (c) yield the total 
direct CO2 emissions of sector j in year t (TEj,t,z). 
 

Our methodology follows the sectoral emission accounting approach of the 
Intergovernmental Panel of Climate Change (IPCC) (IPCC, 2006). CO2 emissions in 
each sector include: (i) direct emissions from fuel combustion (to generate process 
heat, steam or electricity by stand-alone or CHP units which are registered and fully or 
partly owned by the industry), and (ii) emissions from industrial processes (e.g., 
production processes of clinker or glass, limestone use in iron and steel 
production)102. Future CHP capacity is determined by multiplying the current fuel 
demand for CHP with production growth and by assuming that the demand for CHP 
products will decrease at the same rate energy efficiency improves (in %). Second, we 
assume that total fuel utilization efficiency of CHP plants will improve from historic 
levels of 75-85% (CBS, 2010) to 85-90%, but we keep the load factor identical to the 
current industrial average of 62% (85% for the sensitivity analysis). Indirect emissions 
from the power sector (related to electricity consumption) and emissions released 
from carbon stored in products either during use phase (e.g., urea, solvents) or at the 
end of product lifetime (e.g., post-consumer plastic waste incineration) are excluded 
from the analysis. 
 
6.2.3 CO2 emission reduction potentials in the industry by improving energy 

efficiency and CCS: 2025-2040 
We estimate the CO2 emission reduction potentials for the years 2025 and 2040. We 
first estimate the potentials by improving energy efficiency (EE) for sector j in year t 
for scenario z according to Equation 6-4: 
 

frozent,j,TE

zt,j,TE
1zt,j,EE −=      Equation [6-4] 

 
                                                 
101 We repeat this calculation step for each component of the Dutch energy statistics (CBS, 2010). 
102 Energy and industrial process related emissions of the industry are represented by categories 1A2 and 
2 respectively, and the petroleum refineries are represented by the category 1AA1B (IPCC, 2006). 
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EE is the economic potential of improving energy efficiency at a specific level 
of CO2 price. Higher levels of EE can be achieved with higher CO2 price. We give 
indications of the required CO2 price by comparing our energy efficiency scenarios to 
the climate policy scenarios of the International Energy Agency (IEA)’s World Energy 
Outlook (IEA, 2010). We apply this analogy due to the lack of recent data availability 
on the related costs.  
 

For CCS, we estimate the potentials for the years 2025 and 2040 by assuming 
that a CO2 capture unit will be implemented for each industrial plant currently in 
operation (295 plants, see Table 6-1). We assume that each plant will resume its 
activity between 2008 and 2040 with the exception of the single clinker plant (see 
Table 6-1). For this purpose, we estimate the direct CO2 emissions at plant level in 
two steps: 

(i) We make use of the emission source database prepared by the Dutch 
Pollutant Release & Transfer Register (PRTR, ‘Emissieregistratie’ in 
Dutch; ER (2011)) which refers to the activity level in 2008. We estimate 
the frozen efficiency scenario CO2 emissions of each plant by assuming 
that emissions will increase in line with production increase of the sector 
where the plant belongs to, 

(ii) We apply the sector level emission reduction potentials by improved 
energy efficiency according to Equation 6-4, assuming that each plant will 
reduce its emissions at the same rate as the emissions of the sector it 
belongs to. 

 
In a subsequent step, we categorize the industrial CO2 emissions of the Dutch 

industry by size (kilotonnes (kt) CO2/yr/plant) and CO2 concentration in flue gas 
(CO2 vol%) per sector (see Table 6-1) for the BaU and BPT/EME scenarios. We use 
this information to identify which sectors are most suitable for CCS. 
 

Next, we estimate the CO2 abatement costs (in €2008 (Euro) per tonne of 
CO2)103 of CCS at sector level as the total costs of avoiding (i.e., CO2 capture costs by 
taking into account the additional energy requirements of CO2 capture and 
compression), transporting and storing CO2. We exclude differences in process 
designs across individual plants and carry out the entire analysis at sector level. We 
analyze retrofitting CCS for all scenarios, but present and discuss the results for the 
BPT/EME scenario since the earlier study by Saygin et al. (2012) shows that this 
scenario offers the highest energy efficiency improvement potentials in the long term. 
We estimate the economic potentials of CCS by comparing the abatement cost estimates 

                                                 
103 Exchange rate in 2008 was 1 US Dollar = 0.68 Euro (IEA, 2009b). 
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to the CO2 price required to realize the BPT/EME scenario according to IEA (2010). 
We consider all options below the CO2 price as economically viable.  
 
Table 6-1: Sectoral breakdown of the number of Dutch plants, registered emissions and ranges 

of CO2 concentration in the flue gas. Data refers to the situation in 2008. Sources: 
own estimates based on CBS (2010) and ER (2011) 

  

Number of 
installations1 

Registered 
emissions 
(kt CO2 

/yr)2 

Average CO2 
concentration in 
flue gas (in brackets 
ranges from various 
plants)3 (%) 

References 

Total chemical 120 18,340 - - 
  Other chemical 117 16,930 8 (3–14) IPCC (2005); Kuramochi 

et al. (2010;2012)   Fertilizer 3 1,420 8 (7–10) 
Basic metal4 30 10,850 19 (5–25) IPCC (2005); Kuramochi 

et al. (2010;2012); 
Meerman et al. (2012) 

Petroleum 
refineries 7 10,470 12 (3–35) 

Food 84 2,550 8 (3–14) 
IPCC (2005); Kuramochi 

et al. (2010) Paper 32 2,000 8 (3–14) 
Building materials 15 1,600 9 (3–14) 
High purity 
sources5 7 2,330 ~100 UNIDO (2010) 

Total of selected 
sectors 295 48,150 - - 

1 Data refers to the 2008 situation. In case data was not reported for 2008 (but reported for another year 
between 2005 and 2009), we corrected the data for 2005 with the production growth rates between 2005 
and 2008 (ECN/PBL, 2010).  
2 Data exclude the emissions from joint venture CHPs which are reported under the power sector 
emissions (CBS, 2011b). 
3 Data refer to combustion related CO2 emissions with the exception of process related emissions from 
fertilizer (feedstock related) and basic metal (blast furnace gas) sectors as well as from ethylene oxide 
production. We adapt the low and high end of the ranges by ±20% to re-estimate the average of each 
sector for the sensitivity analysis (see Section 6.4). 
4 We adapt the system boundaries of the iron and steel plant by including the carbon contained in the 
blast furnace gas which, in the Netherlands, is combusted in a power plant. In this way we account for all 
the carbon input to the sector (mostly from coke and coal use). In the rest of the study, we follow these 
adapted system boundaries. 
5 High purity sources include two ethylene oxide and five ammonia plants which emitted in total 60 kt 
and 3,250 kt CO2/yr respectively (own estimates based on Neelis et al. (2007) and PBL (2010)). Emissions 
from ammonia production refer to natural gas use as feedstock, and they account for the CO2 used in 
urea production in the Netherlands (based on 0.76 t CO2/t urea) (Farla et al., 1995).  
 

According to Saygin et al. (2012), each industry sector is assumed to replace 
the current average technology by BPTs (2025) and new and emerging technologies 
(2040) by investing in new plants. We retrofit all plants (i.e., emission sources) with 
amine based post-combustion (iron and steel plant being the only exception with 
physical absorption capture). We focus on post-combustion technologies only as they 
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are suitable for retrofitting and have the advantage of being commercialized first (Page 
et al., 2009; Bhown and Freeman, 2011). We assume that a single CO2 capture unit 
will treat the CO2 flows generated in the main processes of each plant. CCS requires 
additional energy in the form of heat (e.g., for regeneration of the solvent) and 
electricity (e.g., pumps, blowers, compression). We gather the SEC of CO2 capture 
technologies from a literature review. If specific data is not available for a given 
process, we apply a generic approach to estimate the SEC values based on the 
relationship between specific heat/electricity (excluding compression) consumption in 
a post-combustion process (in final energy terms) and the CO2 concentration in flue 
gas (TNO, 2012). We assume that CO2 needs to be compressed to supercritical phase 
(at 110 bar) for transportation which requires an electricity consumption of 0.4 GJe/t 
CO2 (Damen et al., 2007; Koornneef et al., 2008). While capturing related energy 
requirement values refer to the current situation, based on Feron (2005) and Peeters et 
al. (2007) we assume that there is potential to reduce the energy demand by 20-30% in 
2040 compared to 2025. For compression, we apply 5% energy savings (Peeters et al., 
2007). We assume a CO2 capture ratio of 90% (Kuramochi et al., 2010).  
 

We evaluate two types of plant settings based on how the energy 
requirements of CCS are supplied104: 

(i) Each industrial plant will invest in new natural gas-fired CHP capacity 
which is sufficient to meet the total heat demand of the CCS. CHP plants 
will also provide the electricity demand of the capture processes. Surplus 
electricity production will be sold to third parties. If more electricity is 
required, it will be purchased from the grid. Indirect CO2 emissions due 
to electricity generation in power plants are assumed to be allocated to 
the sectors (see Table 6-2) (unlike the rest of the electricity consumption 
for industrial processes according to the IPCC (2006)). We credit the 
avoided CO2 emissions from surplus electricity sales which would 
otherwise be generated from power plants. 

(ii) Each industrial plant will invest in new stand-alone boiler capacity to 
meet the heat demand of the CCS. Electricity demand will be supplied 
from the grid.  

 
In Table 6-2 to Table 6-4, we summarize the technical and economic 

parameters and combine the information to estimate the CO2 abatement costs of CCS 
from sector j in year t for scenario z (CAj.t,z in €/t CO2). We first estimate the CO2 
avoidance costs according to Equation 6-5 (COAj,t,z): 
 

                                                 
104 We exclude CO2 capture from CHP plants or boilers which are implemented to supply energy to CO2 
capture process. 
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        Equation [6-5] 
 
where α is the annuity factor in years-1 (estimated as r/(1-(1+r)-L, r is the discount rate 
(in %) and L the economic lifetime (in years)), ICenergy,s,p,j,t,z and ICenergy,a,p,j,t,z are the 
installed plant costs of the energy supply system s and the CO2 capture technology a 
for plant p of sector j in year t for scenario z respectively (in million €), O&Menergysj,p,j,t,z 
and O&Mcapture,a,p,j,t,z are the operation and maintenance (O&M) costs of the energy 
supply system s and the CO2 capture unit a for plant p of sector j in year t for scenario 
z respectively (in million € per year), F,p,j,t,z and Ep,j,t,z are the total fuel and electricity 
costs of energy supply system s from plant p of sector j in year t for scenario z, ERp,j,t,z 
is the total electricity revenues from electricity sales from plant p of sector j in year t 
for scenario z (in million € per year), TCETp,j,t,z is the total CO2 emissions of plant p of 
sector j in year t for scenario z (in Mt CO2/yr), CRa is the CO2 capture ratio of CO2 
capture technology a (in %) and TCSs is the total CO2 emissions from heat production 
and power generation from energy supply system s (in Mt CO2/yr). All capital costs 
are multiplied with a factor of 1.43 to estimate the total capital requirements (total of 
equipment and installation costs, engineering fees, contingencies, owner costs and 
interests during construction) (derived from Kuramochi et al. (2012)). We include the 
additional costs related to transporting and storing CO2 by systematically adding 10 
€/t CO2 to all plants based on a range of 2-16 €/t CO2 estimated for various years 
between 2020 and 2050 in the Netherlands (Damen et al., 2009; van den Broek et al., 
2010).  
 

Specific capital costs of CO2 capture units found from literature are assumed 
to refer to year 2025 (see Table 6-4). Several studies estimate learning rates between 
6% and 17% for post-combustion capture technologies for power plants (for flue gas 
desulphurization (FGD) units; Riahi et al., 2004; Rubin et al., 2007). Based on these 
learning rates and the ambition level of the climate policy, capital costs of CO2 capture 
can be reduced by between 18% (baseline scenario, low learning rates) and 73% 
(ambitious climate policy scenario, high learning rates) by 2050 compared to today 
(van den Broek et al., 2009). For 2040, we assumed that the specific capital costs 
(excluding the compression units where no reductions apply) can be reduced by 45% 
compared to 2025 by technological learning. However, this value could widely vary 
since many factors play a role in realizing these reductions (see Section 6.4). For 
specific technologies, we assume an O&M cost of 7% over the specific capital costs 
which could also be reduced by 18% (10-25% range for sensitivity analysis) due to 
technological learning (van den Broek et al., 2009) (see Table 6-4). In cases where 
capital costs refer to mature technologies for 2025 and 2040 (e.g., iron and steel sector 
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according to Kuramochi et al. (2012)) we directly use the data without applying these 
learning rates. 
 

We present the uncertainties in our results as (±) around the mean value 
based on Saygin et al. (2012) where authors accounted for the various sources of 
uncertainties in the energy scenarios. Moreover, our results for the CCS analysis are 
subject to further uncertainties due to the numerous assumptions made and our data 
choice. We quantify the effect of the variations in the parameter values by a sensitivity 
analysis. 
 
Table 6-2: Technical parameters of the energy supply systems. Values in brackets refer to the 

ranges used for the sensitivity analysis. Sources: CBS (2010); van den Broek et al. 
(2011); own estimates 

 Steam boiler CHP Power plant 
Fuel utilization efficiency to generate useful output (%) 
2025 90% 85% N/A  
2040 95% 90% N/A 
Power-to-heat ratio (PHR) (-) 

2025/2040 N/A 0.7 (0.4–1) N/A 
Capacity utilization rates (%) (CBS, 2010) 
2025/2040 62 (85) 62 (85) N/A 
CO2 emissions (t CO2/GJ total output) 

2025 0.062 0.112 0.089 
2040 0.059 0.105 0.01 (0.05) 

 
Table 6-3: Economic parameters used in the analysis. Values in brackets refer to the ranges 

used for the sensitivity analysis 
 Units 2025 2040 References 
Economic lifetime 
(L) Years 25 

UNIDO (2010) 
Discount rate (r) (%) 10 (5–15) 

Electricity price1 (€/GJ) 28 (21–35) 31 (23–38)  ECN/PBL (2010); IEA 
(2010); CBS (2011b) Natural gas price1 (€/GJ) 10 (7–14) 11 (7–15) 

Capital costs  
CHP2 (€/kWe) 330–630 300–570 GTW (2007) 
Steam boiler (€/kWth) 430 (325–535) Azar et al. (2003) 

1Ranges are determined based on variations of quarterly energy prices for the period between 1997 and 
2008 in the Netherlands (CBS, 2011b). The electricity price excludes the additional costs from CO2 price 
and or power generation from more expensive renewable technologies and CCS implementation. Surplus 
electricity is assumed to be sold at the market price. 
2The low and high end values refer to electrical capacities of 450 and 10 megawatt electricity (MWe) 
respectively. The maximum CHP efficiency is equal to 90% and the maximum achievable PHR is 
between 0.7 (for the smallest capacity) and 1.1 (for the largest capacity) (GTW, 2007). 
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Table 6-4: Selected CO2 capture technologies for emission sources of the Dutch industry and the related technical and 
economic parameters used in the analysis 

  

Avg. size CO2 conc. 
in flue gas Heat Electricity 

(incl. compr.) 
Specific 
capital costs1 Information 

about selected 
technology 

Application References 
(kt CO2 / 

yr) (%) (GJth/t CO2 
captured) 

(GJe/t CO2 
captured) 

(€/t CO2 
captured/yr) 

Total 
chemical 

2025 175 11 3.6 0.6 130–370 Chemical 
absorption 

(mono-ethanol 
amine (MEA)) 

All other (excl. 
CHP) 

TNO (2003;2012); 
Weikl and Schmidt 

(2010); Sherif 
(2010) 2040 175 11 2.7 0.5 95–320 All other (excl. 

CHP) 

Basic 
metal 

2025 430 

25 3.0 0.5 40 
Chemical 

absorption 
(KS-1) 

Blast furnace2 Kuramochi et al. 
(2012) 

13 3.6 0.6 105 
Chemical 

absorption 
(MEA) 

All other (excl. 
CHP) 

TNO (2003;2012); 
NETL (2010) 

2040 530 

95 - 1.0 20 
Physical 

absorption 
(Selexol) 

Advanced smelt 
reduction 
(HISarna) 

Kuramochi et al. 
(2012) 

13 2.7 0.5 215 
Chemical 

absorption 
(MEA) 

All other (excl. 
CHP) 

TNO (2003;2012); 
NETL (2010) 

Refineries 

2025 1,460 

15 2.7 0.6 80 
Absorption 
with mixed 

solvent 
Hydrogen 

TNO (2003,2012); 
NETL (2010); 
Meerman et al. 

(2012); Berghout et 
al. 

9 3.7 0.6 185–340 
Chemical 

absorption 
(MEA) 

 All other (incl. 
CHP) 

2040 1,290 15 2.0 0.5 60 
Absorption 
with mixed 

solvent 
Hydrogen 
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Avg. size CO2 conc. 
in flue gas Heat Electricity 

(incl. compr.) 
Specific 
capital costs1 Information 

about selected 
technology 

Application References 
(kt CO2 / 

yr) (%) (GJth/t CO2 
captured) 

(GJe/t CO2 
captured) 

(€/t CO2 
captured/yr) 

Refineries 2040 9 2.8 0.5 125–230 
Chemical 

absorption 
(MEA) 

 All other (incl. 
CHP)  

Food 
2025 23 4–9 3.8 0.7 265–355 Chemical 

absorption 
(MEA) 

All other (incl. 
CHP) 

TNO (2003;2012); 
NETL (2010); 

Kuramochi et al. 
(2011) 

2040 25 4–9 2.9 0.6 230–260 

Paper 
2025 66 4–9 3.9 0.7 355–390 Chemical 

absorption 
(MEA) 

All other (incl. 
CHP) 2040 30 4–9 2.9 0.6 235–270 

Building 
materials 

2025 40 9–13 3.6 0.6 360 Chemical 
absorption 

(MEA) 

All other (incl. 
CHP; excl. clinker) 2040 40 9–13 2.7 0.5 250 

High-
purity 
sources 

2025 - 100 - 0.4 20–40 Compression 
only 

Ethylene oxide, 
ammonia 2040 - 100 - 0.4 20–25 

CHP 
plants3 

2025 - 3–14 3.8 0.7 260–300 Chemical 
absorption 

(MEA) 
For all sectors 

TNO (2003;2012); 
NETL (2010); 

Kuramochi et al. 
(2010;2011);  2040 - 3–14 2.9 0.6 175–200 

1 The specific capital costs refer to the equipment and installation costs. Ranges indicate the lowest and highest values used for that sector. For capture units where 
detailed capital cost data was not found, we first scale the size of each CO2 emission source (after deducting the total emissions of the sources which were 
analyzed in detail) and subsequently account for the CO2 concentrations in the flue gas to estimate the capital costs of CO2 capture units. The size of the reference 
emission source (scale=1) used for scaling is 2.5 Mt CO2 per year with a CO2 concentration of 7% in the flue gas (TNO, 2003). Data provided in TNO (2003) is 
assumed to refer to 2003 and to total of equipment and installation costs only. We correct these values to 2008 based on EPPCI (IHS, 2012) indexes. We apply a 
25% range for the sensitivity analysis on the specific capital costs.  
2 Technology refers to an air-blown BF which does not require modification. 
3 The average size of CHP plants differs per sector from as low as 1-20 MWe/plant for the food sector to as high as 20-125 MWe/plant in the chemical sector. 
While steam and gas turbine plants have the largest capacity (20-125 MWe/plant), gas motors have the smallest (0.5-1.0 MWe/plant) (CBS, 2011a). Current 
electricity and heat output of industrial CHP plants are assumed to be consumed by the production processes. 
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6.3 Results 
In the first two sections, we show the CO2 emission reduction potentials (Section 
6.3.1) and the CO2 emission structure of the Dutch industry at sector level (Section 
6.3.2). We then present the economic potentials of CCS for the Dutch industry 
(Section 6.3.3). In Section 6.3.4, we provide a comparison of the potentials of energy 
efficiency and CCS. 
 
6.3.1 Dutch industry’s CO2 emissions: energy efficiency only 
According to ECN/PBL (2010), the Dutch industry will grow on average by 0.9 ± 
0.3% p.a. in physical terms between today and 2040 (see production growth rates in 
the Appendix 6.B). By combining sector level growth estimates (ECN/PBL, 2010) 
and the energy efficiency improvement potentials (Saygin et al., 2012), we estimate the 
following CO2 emissions for the Dutch industry: 

(i) Total direct CO2 emissions will rise from 57 Mt CO2/yr in 2008 to a total 
of 67 ± 7 Mt CO2/yr in 2025 and 75 ± 8 Mt CO2/yr in 2040 according 
to the frozen efficiency scenario (Figure 6-2). 

(ii) We estimate total direct CO2 emissions at 57 ± 6 Mt CO2/yr in 2025 and 
at 56 ± 6 Mt CO2/yr in 2040 according to the BaU scenario (i.e., 
stabilizing at the level in 2008). Compared to the frozen efficiency 
scenario, this is equivalent to 25 ± 11% emission reductions in 2040 
(including the effects of fuel switching from structural changes).  

(iii) In the BPT/EME scenario, upgrading from the current technology level 
to BPTs offers a reduction potential of 25 ± 18% by 2025 compared to 
the frozen efficiency scenario or 13 ± 3% compared to BaU scenario 
(Figure 6-2). Implementing new and emerging technologies can reduce 
industrial CO2 emissions by 36 ± 15% in 2040 compared to the frozen 
efficiency scenario or by 15 ± 6% compared to the BaU scenario (Figure 
6-2). This results in total direct emissions of 48 ± 4 Mt CO2 in 2040. 
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Figure 6-2: Total direct CO2 emissions of the Dutch industry for three scenarios. Error bars 

show the 95% confidence intervals of each scenario based on Saygin et al. (2012) 
 

Figure 6-3 shows the total direct CO2 emissions and the savings achievable 
per sector in each scenario. We summarize below the most important findings at 
sector level according to the BPT/EME scenario: 

(i)  In 2025, BPTs offer emission reduction potentials between 32 ± 10% 
and 39 ± 22% compared to the frozen efficiency scenario for all sectors 
analysed. The iron and steel and the fertilizer sectors are exceptions with 
potentials of 15 ± 10% and 14 ± 4% respectively. This is explained by 
the limited reduction potentials for coke and coal consumption in blast 
furnaces (for iron and steel sector) and our approach, where we assign all 
carbon input to the sector as emissions. Similarly, there are no savings in 
natural gas used as feedstock for ammonia production (~70% of the 
sector’s total final energy use). 

(ii)   By implementing new and emerging technologies in 2040, the potentials 
increase by estimated 5 to 30 percent points compared to the BPTs for 
the sectors analyzed. We estimate the largest additional potential for the 
paper sector due to reductions in heat demand in the drying section of 
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paper mills. The iron and steel sector is an exception with negligible 
additional savings compared to BPT (less than 2 percent points)105.  

 
In the short term (2025), improved energy efficiency allows to reduce the 

Dutch industry’s CO2 emissions below the 1990 levels (64 Mt CO2/yr) (PBL, 2010; 
CBS, 2010), namely by 11 ± 10% (BaU) and by 22 ± 8% (BPT/EME)106. In the long 
term (2040), there are larger reduction potentials at 12 ± 9% (BaU) and 25 ± 8% 
(BPT/EME) (including emissions from joint venture CHP plants). Despite a number 
of differences in the background assumptions (e.g., production growth, autonomous 
improvement rates), we compare the findings of the BaU scenario (1% p.a. energy 
efficiency improvements) with the ambition level of IEA’s (2010) current policies 
scenario of 20% reductions in the EU-27. We find that BaU scenario can meet half of 
this target (11% reductions) assuming EU-27 targets would also apply to the 
Netherlands. In this scenario, IEA (2010) assumes a CO2 price level of 23 € and 32 
€/t CO2 in 2025 and 2040 respectively. Reductions through BaU scenario will be 
insufficient to stabilize the global surface temperature increase to 2 oC which requires 
at least 30% CO2 emission reductions by 2020 (IEA, 2010; EC, 2011). Energy 
efficiency improvements according to the BPT/EME scenario are slightly closer to 
this objective with 18 ± 9% reduction potentials in 2020 (2% p.a. energy efficiency 
improvements; Saygin et al. (2012)). However, the CO2 price in the new policies 
scenario of the IEA (2010) seems rather low to double the annual improvement rates 
from 1% to 2% (29 € and 37 €/t CO2 in 2025 and 2040 respectively). Even more 
ambitious policies with higher CO2 prices may be required such as the level of IEA’s 
450ppm scenario (92 €/t CO2 by 2040) (IEA, 2010) which is an increase by more than 
10 times compared to the current CO2 price in EU-27 (~8 €/t CO2) (PC, 2012).  At 
such high levels, implementation of BPTs (40-60 €/t CO2) and other new and 
emerging energy efficiency technologies (85-100 €/t CO2) would be economically 
viable according to IEA’s recent technology study (IEA, 2012). Various sector specific 
and cross-cutting energy efficiency technologies can be implemented under these 
conditions, such as advanced catalysis and separation technologies for the chemical 
sector (e.g., IEA, 2012) as well as process optimization and various technologies for 
the paper sector (e.g., Fleiter et al., 2012), improved thermal insulation (Neelis et al., 
2012) and motor systems (i.e., fans, compressors, pumps) (e.g., McKane and 
Hasanbeigi, 2011) for all sectors. 
 

                                                 
105 Despite higher carbon input per tonne of hot metal (de Beer et al., 1998), smelt reduction is 
advantageous since flue gas  has a higher CO2 emission concentration which makes CO2 capture easier 
(Kuramochi et al., 2012). See Section 6.3.2 for a more detailed explanation. 
106 This comparison and other comparisons throughout this study include CO2 emissions from feedstock 
energy use and other industrial process emissions which cannot be reduced by improved energy 
efficiency. 
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The results of our analysis further show that implementing economically 
viable energy efficiency technologies according to the BPT/EME scenario can only 
meet about 40% of the EU’s long term goals of 59-64% CO2 emission reductions in 
2040 compared to 1990 levels (EC, 2011). 
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Figure 6-3: Total direct CO2 emissions of the BaU and BPT/EME scenarios (grey shaded bars) 

and the CO2 emission savings by improving energy efficiency (white shaded bars) for 
each scenario compared to frozen efficiency. Building materials sector are excluded 
(<3% of the total industrial emissions)  
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6.3.2 CO2 emission structure of the Dutch industry and suitability for CCS 
Based on production developments and energy efficiency improvements, size of the 
CO2 emission sources are estimated to grow on average by 20-25% (BaU scenario) or 
by up to 7% (BPT/EME scenario) between 2008 and 2025/2040 (see Table 6-5). 
About 70% of the total emissions will remain within the emission category of >1,000 
kt CO2/yr/plant as is the case today. In both scenarios, 8-9 plants will operate as large 
emission sources within this category. The iron and steel plant is projected to emit 
~10-13 Mt CO2/yr in 2025 and ~9-15 Mt CO2/yr in 2040, with all other plants of the 
category (from refineries and the other chemical sector) emitting between 1-5 Mt 
CO2/yr, with an average of >3 Mt CO2/yr/plant. Accounting for the plants within 
the 100-1,000 kt CO2/yr category also (with an average of 0.2-0.4 Mt CO2/yr/plant), 
we cover 90% of the industrial emissions in the Netherlands. In future, industry’s 
emission structure will remain similar to the current situation and sectors which 
currently have the largest share of industrial emissions will remain so in 2025 and 
2040. Thus the majority of the CCS potential will remain in energy and carbon 
intensive sectors. 
 
Table 6-5: Breakdown of total industrial CO2 emissions by CO2 emission size. Sources: own 

estimates based on ECN/PBL (2010); ER (2011) 

  

Average CO2 emissions within the 
categories (kt CO2/yr) 

Total CO2 emissions covered by the 
categories (kt CO2/yr/plant) 

>1,000 100 - 
1,000 

100 – 
10 <10 >1,000 100 - 

1,000 
100 – 
10 <10 

2008 3,780 265 35 4 34,000 10,075 3,700 465 
2025 
BaU 4,740 320 40 4 41,250 11,785 4,260 560 
BPT/EME 4,200 310 40 4 35,350 8,770 4,160 630 
2040 
BaU 4,800 325 40 4 43,325 12,700 4,240 590 
BPT/EME 4,720 345 40 4 37,800 9,000 4,140 660 

 
We now present the average CO2 concentration in the flue gases of each 

sector. Average CO2 concentrations of the seven industry sectors analyzed will range 
from 5 to 85% in 2025 and from 6 to 95% in 2040 for both scenarios (Figure 6-4). In 
the other chemical, paper and food sectors, a substantial share of industrial process 
heat is provided by CHP plants with low CO2 concentration in the flue gas (3-10%; 
IPCC, 2005) and the remainder by stand-alone steam boilers with a slightly higher 
CO2 concentration (7-14%; IPCC, 2005). We estimate that in 2025 and in 2040, 50-
55% of the total industrial CO2 emissions in the Netherlands will be emitted at a CO2 
concentration below 10% which require more expensive capture equipment as well as 
higher O&M and energy costs than high CO2 concentration sources. In comparison, 
high purity sources (CO2 concentrations between >50%), account for about 4-5% of 
the total emissions in 2025 which could increase up to 40% of the total industrial CO2 
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emissions in 2040 if advanced smelt reduction process with high CO2 concentration in 
its off-gas replaces the blast furnace for iron making. By combining the information 
on the size of the emission sources (cut-off criteria, category: >100 kt CO2/yr/plant) 
and the CO2 concentration (cut-off criteria: >10%), we estimate approximately ~26 
Mt CO2 emissions which would be available for capture in the short and long term 
according to BaU and BPT/EME scenarios.  
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Figure 6-4: Distribution of CO2 concentration in flue gas as a function of the total cumulative 

direct CO2 emissions of the Dutch industry at sector level 
 
6.3.3 Dutch industry’s CO2 emissions: energy efficiency and CCS 
We estimate average CO2 abatement costs of 100-163 €/t CO2 in 2025 and 71-93 €/t 
CO2 in 2040 if all Dutch industry sectors were to implement CCS (see Figure 6-5). In 
addition to the CO2 emission savings achievable by improving energy efficiency of 18 
± 11 Mt CO2/yr (2025) and 28 ± 8 Mt CO2/yr (2040) according to the BPT/EME 
scenario, CCS offers further potentials of 33-36 Mt CO2/yr in 2025 and 38-42 Mt 
CO2/yr in 2040 (accounting for additional CO2 emissions from CCS). This is 
equivalent to about 85% emission reductions compared to the frozen efficiency level. 
We estimate that total industrial CO2 emissions would be as low as 16 ± 4 Mt and 10 
± 2 Mt/yr in 2025 and 2040 respectively (see Figure 6-5 far right columns). About 
40% of the emission reductions would originate from improving energy efficiency and 
the remaining 60% is from CCS. In 2040, by improving energy efficiency and 
deploying CCS in all industrial processes Dutch industry can reduce its total emissions 
by 80% compared to 1990 levels. This is much higher than the 2040 goals of the EU 
roadmap (59-64%) and close to the 2050 goals (83-87%). 
 
 
 



237 Chapter 6 

 

While CCS can make important contributions to reach large emission 
reductions, a total of approximately 10-13 Mt (2025) and 6-9 Mt (2040) CO2 emissions 
will be generated due to energy requirements of capturing, transporting and storing 
CO2 for the BPT/EME scenario (see Figure 6-5). These additional emissions are 
about 25 ± 4% of the total captured emissions in 2025, but they could decrease to 15 
± 2% by 2040. The additional CO2 emissions generated are approximately 64% of the 
total emission reductions achieved by improving energy efficiency in 2025, but this 
share could decrease to 27% by 2040. This would reduce total industry’s annual 
primary energy efficiency improvements from 2.0 ± 0.5% p.a. (no CCS) to 0.5 ± 0.3% 
and 1.3 ± 0.2% p.a. in 2025 and 2040 respectively (energy efficiency and CCS). The 
magnitude of additional CO2 emissions from CCS are dependent on the total energy 
requirements of CCS (and the related improvements), deployment of CCS in the 
power sector (i.e., decarbonising power sector) (see Table 6-2) and the developments 
in technologies to supply the energy requirements of CCS (i.e., CHP or boiler/power 
plant) (Figure 6-5). 
  

In our model, we assume that CCS technology will be first deployed in the 
power sector (between 2008 and 2040) that leads to CCS capital and O&M costs 
reductions of 45% and 18% respectively from technological learning (van den Broek 
et al., 2009). However, if such deployment would not happen in the power sector (see 
Section 6.4), CO2 abatement costs could increase by about 10 €/t CO2 to 75-105 €/t 
CO2 for 2040 (assuming lower capital and O&M cost reductions of 25% and 10% 
respectively and a higher CO2 emission intensity of the power sector at 0.07 t 
CO2/GJe). When we exclude the analysis of plants where we do not estimate their 
2040 costs based on these learning rates107, we identify a larger increase up to 17 €/t 
CO2 (86-121 € versus 87-138 €/t CO2). In contrast, higher learning rates (i.e., capital 
and O&M cost reductions of 65% and 25% respectively) would reduce the abatement 
costs of these plants to 74-110 €/t CO2 by 12 €/t CO2. 
 
 
 

                                                 
107 These are the iron and steel plant and high purity sources where data is separately available for 2025 
and 2040 (see Section 6.2.3). These plants account for about 35% of the total industrial CO2 emissions in 
2040 according to BPT/EME scenario.  
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Figure 6-5: Total direct CO2 emissions of the Dutch industry based on the results of the 

BPT/EME scenario with a breakdown by emission savings from improving energy 
efficiency and CCS compared to frozen efficiency. PP: Power plant. Notes: We 
categorize the total industrial emissions (after accounting for the reductions 
achievable by improving energy efficiency indicated with white bars) by size of the 
emission sources (starting with lowest bar section which refers to category <0.1 Mt 
CO2/yr) (see Table 6-6 for the categories), CO2 concentration at sector level 
(starting with lowest bar section which refers to category <10%) (see Figure 6-4) and 
economic viability at sector level (i.e., CO2 abatement costs below the CO2 price, see 
Table 6-6). The bars representing ‘Net emissions: energy efficiency and CCS 
scenario’ already account for the additional emissions from CCS which are also 
displayed separately in the figure 

 
In most sectors, CCS accounts for a lower share of the total CO2 emission 

reduction potentials in 2040 (25-50%) as compared to 2025 (50-75%) since energy 
efficiency potentials are higher in 2040. CCS could play an important role in the 
fertilizer and the basic metal sectors in 2040 by accounting for more than 75% of their 
emission reduction potentials. This is due to large share of emissions which originate 
from raw material use where improving energy efficiency do not offer large potentials 
for. We estimate the lowest abatement costs for the fertilizer (~32 €/t CO2 and ~25 
€/t CO2 in 2025 and 2040 respectively), and the basic metal sectors (55-104 €/t CO2 
and ~42 €/t CO2 in 2025 and 2040 respectively) (see Table 6-6). In the fertilizer 
sector, more than 90% of all CO2 emissions originate from feedstock used to 
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synthesize ammonia108 which is of high purity. Early opportunities for CCS in the 
Dutch industry exist in the plants of the fertilizer sector as CCS offers economically 
viable abatement options below IEA’s CO2 price of 51 €/t CO2 (IEA, 2010). This is 
equivalent to 2 Mt abated emissions in 2025 and 2040.  
 

In the short term, CCS could also be economically viable for the basic metal 
sector (49-104 €/t CO2) where the sector’s emissions are dominated by a single iron 
and steel plant (~95%). Capturing these emissions in the short term would add 
another 10 Mt CO2 emissions abated. According to the BPT/EME scenario, we 
assume that iron would be produced by the smelt reduction process which has a high 
CO2 concentration in its off-gas close to pure stream compared to the blast furnace 
process with on average 25% CO2 concentration in the blast furnace gas109. This 
change, along with other improvements in CCS, reduces the sector’s abatement costs 
by 7-62 €/t CO2 between 2025 and 2040. If an improved blast furnace remains in 
operation, we re-estimate the abatement costs as 50-95 €/t CO2 based on chemical 
absorption or the membrane technique (Kuramochi et al., 2012). Although these costs 
are higher compared to the case of smelt reduction, CCS will remain as an 
economically viable technology. In total, about 16 Mt CO2 emissions could be abated 
from the basic metal sector in 2040. 
 

These two sectors are followed by refineries with CO2 abatement costs 
estimated at 119-180 € (2025) and 89-120 € (2040) per tonne of CO2 (Table 6-6). 
Approximately two-thirds of the sector’s emissions are from process heaters/boilers 
(40-45% of the sector’s total emissions) and CHPs (20-25%) which are abated at a 
relatively high cost above 140 €/t CO2 due to low CO2 concentration in the flue gas 
(CBS, 2010;2011b). The remainder of the emissions are abated at 60-100 €/t CO2 
from hydrogen production (~30%) and the catalytic cracking process (~3%) with an 
average CO2 concentration of 15% and 19% respectively. CCS in refineries offers a 
further economically viable opportunity in the long term (2040) along with the 
fertilizer and the iron and steel sectors where a total of 6-7 Mt CO2 emissions could 
be abated. 
 

                                                 
108 Currently, steam export from nitric acid production (high pressure) is typically utilized in steam 
turbines for power production (EFMA, 2000); however, we assume that some of this steam could also be 
used as heat source in sector’s other production processes. For the future, we assume that all heat and 
electricity demand of the sector could be met by steam export from nitric acid production (for ammonia, 
urea and ammonium nitrate production processes). As a result, natural gas is required only as feedstock 
for ammonia production.  
109 From an energy point of view, smelt reduction consumes 20% less energy compared to the blast 
furnace (based on de Beer et al. (1998)). However, the coal input, thereby the CO2 emissions per tonne of 
hot metal are about 10% higher compared to the blast furnace in the Netherlands (CBS, 2010; 
Kuramochi et al. 2012). 
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For the other chemical sector, we estimate abatement costs of 125-199 € 
(2025) and 95-132 € (2040) per tonne of CO2 (Table 6-6). Although sector’s emission 
sources are large (according to Figure 6-1 in 2008, 90% of the sector’s total emissions 
are above 0.1 Mt CO2/yr from a total of 19 plants and the remainder from a total of 
100 plants), process heat demand of the sector is provided by small size industrial 
CHP plants (40-45% of total CO2 emissions) and numerous process heaters/boilers 
(55-60%) which are both estimated to have high abatement costs110. However, for the 
sector’s six steam crackers, CCS offers economically viable opportunities in the long 
term at an abatement cost of approximately ~80 €/t CO2 (i.e., 3 Mt CO2 abated). 
Both in the short and long term, about 0.1 Mt CO2 could be abated from the two 
ethylene oxide plants at an abatement cost of ~25 €/t CO2. 
 

For all other sectors, i.e., building materials, paper and food, abatement costs 
are above 140 €/t CO2 in 2025 and 110-150 €/t CO2 in 2040 (Table 6-6). This is 
mainly due to the small size of these emission sources and the numerous small size 
CHP plants (3-4 MWe capacity per CHP) which provide process heat (CBS, 2011b). 
 

In total, economically viable CCS can abate up to 2-12 Mt CO2/yr in 2025 
and as high as 20-26 Mt CO2/yr by 2040 (Table 6-6). This also coincides with our 
finding from Section 6.3.2 where we estimate 26 Mt CO2 emissions available for 
capture in the long term (cut-off criteria: emission sources >100 kt CO2/yr/plant and 
CO2 concentration >10%). According to our analysis, economically viable 
opportunities of CCS in 2025 are 5-35% of the industry’s total emissions which could 
be abated (33-36 Mt CO2/yr). In the long term, this could increase to 50-60% which 
we regard as the economic potentials of CCS for the Dutch industry.  
 

We estimate that economic potentials of energy efficiency and CCS can 
together reduce total industrial emissions by 40-49% below 1990 levels in 2040. This 
is lower than EU’s emission reduction goals for 2040 (59-64%) (EC, 2011). After 
realizing the economic potentials of energy efficiency and CCS under the CO2 price 
level of IEA’s 450ppm scenario, industry would emit a total 39-49 Mt and 25-31 Mt 
CO2 in 2025 and 2040 respectively (see last row in Table 6-6). In 2025, up to 90% of 
all emission reductions will be from improving energy efficiency. In contrast, in 2040, 
energy efficiency will contribute to 50-60% and the remaining 40-50% of the emission 
reduction potentials will be from CCS. Achieving the economic potentials of CCS 
would, however, increase the total energy use of these four sectors by 20% to 32% 
and would consequently reduce the annual energy efficiency improvement rates of the 
total industry from 2.0 ± 0.5% to 1.6 ± 0.3% p.a. for 2008-2040.  

                                                 
110 In 2008, other chemical sector owned a total of 53 CHP plants which had a total electricity generation 
capacity of 1,423 MWe. This is equivalent to 26 MWe per plant. Based on the annual operation rates of 
CHP plants in the sector (i.e., 67% in 2008), these plants emitted on average 87 kt CO2/yr (CBS, 2011b). 
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Table 6-6: CO2 abatement costs (in €/t CO2) and overview of abated emissions (in Mt CO2/yr) 
at sector level for the results of the BPT/EME scenario compared to frozen 
efficiency. Note: data in italics represent uncertain results due to lack of data 
availability on costs of energy efficiency technologies 

  

CO2 abatement 
costs 

CO2 abated: 
Energy efficiency 

CO2 abated: CCS 
(= captured – 
additional) 

Net emissions (= 
frozen – energy 
efficiency – CCS) 

2025 2040 2025 2040 2025 2040 2025 2040 
Basic metal 49–104 42 2 3 9-10 16 4–5 1 
Other chemical 124–199 95–132 10 16 14 14 7–8 7 
Fertilizer 32 25 0.3 0.5 2 2 0.3 0.2 
Refineries 119–180 89–120 4 4 7 6–7 3 2–3 
Paper 156–237 122–152 0.4 2 1 1 1 0.4 
Food 143–210 120–150 1 2 1 1–2 1 1 
Building 
materials 146–217 115–143 0.4 0.6 0.4 0.4 0.2 0.2 

Total 100–163 71–93 18 28 33–36 38–42 16–18 10–13 
Economic 
potentials <51 <92 18 28 2-12 20–26 39-49 25-31 

 
6.3.4 Comparison of the potentials of energy efficiency and CCS 
In Table 6-7, we compare our findings for energy efficiency technologies and CCS. 
Improving energy efficiency can reduce Dutch industry’s total energy costs by 
approximately 5.6 (2025) and 10.0 (2040) billion (i.e., 1,000 million) €/yr compared to 
the frozen efficiency (no further information on the related capital and O&M costs is 
available). Net reduction in energy costs, after accounting for the additional energy 
costs of CCS and the electricity revenues, is in the range of 2.9 and 1.8 billion €/yr in 
2025 and 2040 respectively. For the total CCS chain, we estimate total costs of 3.7-5.6 
billion €/yr in 2025 which could decrease to 2.8-3.9 billion €/yr in 2040. The benefits 
from improving energy efficiency would be partly consumed to cover the additional 
costs of implementing energy efficiency technologies and especially CCS.  
 
Table 6-7: Comparison of the benefits, costs and potentials of energy efficiency and CCS (total 

industry). Results are based on the BPT/EME scenario and compared to the frozen 
efficiency. Note: Question marks indicate the results which were unavailable and 
data in italics represent uncertain results due to lack of data availability 

 
Energy efficiency CCS Energy efficiency & 

CCS 
2025 2040 2025 2040 2025 2040 

Total benefits 
(all sectors)1 (billion €/yr) 5.6 10.0 - - 5.6 10.0 

Total net costs 
of CCS (all 
sectors)2 

(billion €/yr) ? ? 3.7–5.6 2.8–3.9 ? ? 

Total energy 
costs (billion €/yr) ? ? 1.8–3.2 1.1–1.9 ? ? 



Modelling the future CO2 abatement potentials of energy efficiency and CCS: 
The case of the Dutch industry 

 

242 

 
Energy efficiency CCS Energy efficiency & 

CCS 
2025 2040 2025 2040 2025 2040 

Total other 
costs (billion €/yr) ? ? 0.8–2.6 1.0–2.1 ? ? 

Total 
electricity 
revenues 

(billion €/yr) ? ? -0.8–2.4 -1.0–0.8 ? ? 

Total CO2 
abated (all 
sectors) 

(Mt CO2/yr) 18 28 33–36 38–42 51–54 66–70 

CO2 abatement 
costs (all 
sectors) 

(€/t CO2) ? ? 100–163 71–93 ? ? 

Total CO2 
abated 
(economic 
potentials) 

(Mt CO2/yr) 18 28 2–12 20–26 18-30 48–54 

1 Benefits are estimated by multiplying the total reductions in the total fuel and electricity use of the 
Dutch industry (Saygin et al., 2012) with the energy prices (Table 6-3). 
2 Total net costs = energy costs + other (i.e., capital, O&M) costs – electricity revenues (all related to 
capturing, transporting and injecting CO2). 
 
6.4 Discussion of the results and sensitivity analysis 
Our CO2 avoidance cost estimates are similar to the findings of studies which analyze 
specific plant configurations in detail. Our estimates for refineries at 109-170 € and 
79-110 €/t CO2 compare well with the findings of van Straelen et al. (2010) (90-120 
€/t CO2). However, we estimate slightly higher costs than Berghout et al. for two 
Dutch refineries (i.e., 76-117 €/t CO2 for short term and 69-98 €/t CO2 for long 
term) since while we assume a single CCS unit for each emission source, Berghout et 
al. model large scale CCS configurations to capture CO2 from various processes 
simultaneously (e.g., hydrogen unit and CHP). For hydrogen production process, 
Meerman et al. (2012) estimate CO2 avoidance costs of 37 €/t CO2 for the short term 
(capture from between the water gas shift reactor and the pressure swing adsorption 
unit which accounts for 60% of the total plant emissions). Based on slightly higher 
energy prices and by capturing all CO2 emissions from the process, we estimate 
avoidance costs of 61 €/t CO2 for the short term. Our short term estimates for the 
iron and steel sector (39-94 €/t CO2) are slightly higher than the findings of 
Kuramochi et al. (2012) (41-64 €/t CO2) which is explained by the higher energy prices 
used in our model as well as the different energy supply configurations to the CO2 
capture units. Kuramochi et al. (2011) estimate avoidance costs of 100-120 €/t CO2 for 
small scale (<0.3 Mt CO2/yr) refinery gas and natural gas industrial furnaces/boilers 
which matches our findings for the chemical sector and refineries. Despite similarities 
of our findings with other studies, our bottom-up estimates, particularly for the long 
term, are subject to uncertainties due to background data and assumptions. We now 
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quantify the effects of the variations in the parameter values over the CO2 avoidance 
costs for 2040 (61-83 €/t CO2) (see Figure 6-6). We separately conduct a contribution 
analysis to identify which parameters contributed to the abatement cost reductions 
between 2025 and 2040 (see Figure 6-7). We briefly discuss the key findings below: 

• CO2 avoidance costs change by ±15% when we vary the discount rates and 
the energy prices by ±50% and ±35% respectively. Variations in the capital 
(±25%) and O&M (±70%) costs of CCS have ±10% effect over the 
avoidance costs. When the power-to-heat ratios of CHP plants are varied by 
±45%, the costs change by ±13% due to the changes in the amount of 
electricity sold to or bought from the grid. Other parameter values have less 
than ±5% effect over our findings. 

• As a result of variations in parameter values, CCS could also be economically 
viable for all plants of the chemical sector. In this case, energy efficiency 
technologies and CCS can reduce Dutch industry’s total CO2 emission by 65-
70% compared to 1990 levels which is sufficient to meet EU’s 2040 goals (59-
64%). However, the annual energy efficiency improvement potentials would 
reduce further down to 1.3 ± 0.2% p.a. 

• Figure 6-7 shows that CO2 abatement costs decrease by about 30-40% from 
100-163 €/t CO2 in 2025 to 71-93 €/t CO2 in 2040. A decrease of similar 
magnitude exists for individual sectors (30-55%) (Figure 6-7). The decrease in 
capital and O&M costs due to technological learning and the lower energy 
requirements of the CO2 capture units reduce the capture costs by 26-32 €/t 
CO2, explaining about half of the decrease. The minor increase in natural gas 
and electricity prices (by about 1-2 €/GJ) contribute another -6 €/t CO2. The 
other factor is the CCS technology applied in the iron and steel sector which 
consumes minor quantities of electricity and no heat (as a consequence of the 
change in iron making technology) (covered under the black bars in Figure 
6-7), while capturing substantial amounts of CO2 (Kuramochi et al. 2012). 
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Figure 6-6: Sensitivities of the CO2 avoidance costs to the changes in parameter values (in %) 

expressed as a percentage deviation from the original model output for year 2040 
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Figure 6-7: Developments in CO2 abatement cost estimates between 2025 and 2040. Note: The 

contributions are calculated backwards from 2040 to 2025 by equating each 
parameter value to the 2025 value used in the model 
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The sensitivity and contribution analyses show that capture costs are to a 
large extent determined by the energy costs. To deploy economically viable post-
combustion CCS, less energy-intensive capture processes using advanced solvents will 
be required. Therefore we assumed that CCS energy requirements can be reduced by 
25% between 2025 and 2040 (Feron, 2005; Peeters et al., 2007). Furthermore, more 
research and deployment of CCS in both the power and industry sectors are required 
worldwide to accelerate technological learning, thereby reducing the capital and O&M 
costs since our assessment shows that technological learning proves to be a major 
factor for the economic viability of CCS. While we assumed 45% reductions in capital 
costs, reductions could be from as low as 18% to as high as 70%. The latter is 
estimated for an ambitious climate scenario with high CO2 price, based on observed 
learning rates of FGD units (van den Broek et al., 2009). Moreover the size of 
emission sources in the industry sector are typically smaller compared to the power 
sector and they vary with respect to their composition of the flue gases which may 
require tailored CO2 capture units. In view of these uncertainties, capital cost 
reductions could be even lower than what we assumed (45%) and this could impact 
the economic viability of CCS in the long term (see Figure 6-6 and Figure 6-7). Finally, 
we find the level of the CO2 price according to IEA’s 450ppm scenario (IEA, 2010) low 
for economically viable CCS application in most plants of the chemical and in the 
food, paper and the building materials sectors in the Netherlands.  
 

In view of the results of our sensitivity analysis, we regard our model useful to 
assess the potentials of CCS at sector level and to generate first order estimates of its 
costs. However, our model and analysis need to be improved with the following: 

• Our long term energy efficiency analysis is subject to uncertainties since we 
assumed that all plants will implement BPTs by 2025 and new and emerging 
technologies by 2040 without modelling the incremental technology transition 
between the two levels at equipment level. In addition, due to lack of recent 
data availability on new and emerging technologies, we approximated the 
information of few technologies to the entire sector in some acceses and in 
others we used rather old information which may be less representative for 
the Dutch industry (see Saygin et al. (2012) for a detailed discussion of the 
uncertainties). Furthermore, more data and analysis is required to estimate the 
abatement costs of energy efficiency technologies, 

• Given the uncertainties regarding our assumptions for CCS, the long term 
abatement cost estimates need to be improved and our assumptions need to 
be refined by more analysis specific to plants and industrial processes. A more 
detailed analysis differentiating between CCS in the power sector only as 
opposed to the combined implementation of CCS in the power sector and in 
industry would help to gain better insights into the potential technological 
learning for CCS, 
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• Achieved levels of energy efficiency and CCS could differ than what we 
estimated since under high CO2 prices, different levels of measures could be 
implemented as long as the goals of climate policies are reached, e.g., more 
CCS and less energy efficiency or more energy efficiency and renewables. 
More combinations should be investigated by developing further scenarios, 

• We quantified the energy efficiency potentials at sector level and 
approximated our findings to individual plants. For CCS, we collected data 
from literature referring to specific processes and applied them to the entire 
sector. However, the results at plant and sector level may deviate from each 
other due to plant characteristics (e.g., configuration of processes) and site 
specific issues (e.g., process integration or waste heat recovery potentials), 

• We exclude the limitations in CCS deployment from spatial differences in 
CO2 storage availability. Given the potential competition for storing CO2 and 
the limitations in storage availability (e.g., Damen et al., 2009), this issue 
requires special attention in future research, 

• In view of EU’s long term emission reduction goals, more production growth 
scenarios need to be analyzed to estimate the impacts on industry’s CO2 
emissions. 

 
6.5 Conclusions 
In this study, we modelled and analyzed the potentials of improving energy efficiency 
and CCS for the Dutch industry. Our analysis shows that improving energy efficiency 
alone (25 ± 8% reductions compared to 1990) will not be sufficient to reach 
substantial CO2 emission reductions in the long term (59-64% reduction goals) (EC, 
2011). In the short term economically viable early opportunities for CCS exist in the 
fertilizer and iron and steel sectors. With moderate technological developments, long-
term opportunities exist also in refineries and in several plants of the other chemical 
sector. Economically viable application of CCS in these sectors, and by improving 
energy efficiency in the entire industry, total industrial emissions in the Netherlands 
could be 39-47% lower in 2040 compared to the 1990 levels with a CO2 price 
assuming 92 €/t CO2 according to IEA’s 450ppm scenario. However, these potentials 
are not sufficient to reach the long term EU goals. Economically viable CCS requires 
worldwide simultaneous deployment in the power and the industry sectors, thereby 
making best possible use of the technological opportunities. Industrial CCS can 
contribute to large reductions in CO2 emissions as aimed for by the EU for the long 
term; however, the trade-offs of this strategy increase industrial energy use and could 
reduce annual energy efficiency improvement rates in the Netherlands from 2% to 
1.3-1.6% p.a. This is equivalent to an increase in industrial energy consumption of 11-
22% (or 70-145 PJ) by 2040, compared to the energy efficiency scenario excluding the 
implementation of CCS. This is an important trade-off to consider in designing future 
climate and energy policy. Given the concerns about security of energy supply, energy 
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penalty of CCS may limit its deployment, next to other barriers (e.g., public 
perception). The successful transition to a low-carbon Dutch industry will hence 
require a combination of technologies alongside energy efficiency and CCS as well as a 
mix of policies to ensure the deployment of these technologies. Therefore future 
modelling efforts should investigate and include the potentials of other measures, 
namely energy efficiency breakthrough technologies which are not covered in this 
analysis, renewable energy sources and material efficiency.  
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Appendix 6.A Dutch industry’s CO2 emissions: 2008 
We provide the production data and the SEC values (total of primary fuels used as 
direct heat and/or steam) of the products included in the bottom-up model in Table 
6.A-1.  
 
Table 6.A-1: Production (in kt/yr) and SEC (in GJ/t) values used in the bottom-up model. All 

data refers to the activity level in 2008 

  Production 
(kt/yr)1 

SEC 
(GJ/t)2 References 

Refineries (all data originally refers to the throughput capacity) 
  Crude 50,300 0.5 OGJ (2007) 
  Vacuum distillation 29,700 0.6 OGJ (2007) 
  Coking 1,730 -0.8 OGJ (2007) 
  Thermal operations 3,900 1.1 OGJ (2007) 
  Catalytic cracking 2,040 1.4 OGJ (2007) 
  Catalytic reforming 6,200 2.3 OGJ (2007) 
  Catalytic hydrocracking 9,720 1.4 OGJ (2007) 
  Catalytic hydrotreating 33,200 0.5 OGJ (2007) 
  Alkylation 630 3.1 OGJ (2007) 
  Isomerization 380 1.4 OGJ (2007) 
  Lubes 480 1.8 OGJ (2007) 
  Hydrogen (including feedstock) 260 152.7 OGJ (2007) 
  Sulfur 525 2.7 OGJ (2007) 
Other chemical 
  Ethylene (production capacity) 
  (per tonne of HVC)3 

3,250 15.0 OGJ (2008) 

  Benzene (per tonne of HVC)3 425 15.0 Neelis et al. (2005a) 
  Butadiene (per tonne of HVC)3 235 15.0 Neelis et al. (2005a) 
  Propylene (per tonne of HVC)3 1,000 15.0 Neelis et al. (2005a) 
  Methanol (excluding biomethanol) 980 11.5 MI (2010) 
  Carbon black (production capacity) 155 13.8 Chemweek (2009a) 
  Chlorine (production capacity) 787 2.0 Chemweek (2009b) 
  Silicon carbide 70 2.8 IPTS/EC (2007a) 
  Soda ash  354 10.3 PBL (2010) 
  Ethylene oxide (production capacity) 468 - Chemweek (2008) 
Paper 
  Newsprint paper 460 6.5 VNP (2008) 
  Coated paper and writing paper 470 6.6 VNP (2008) 
  Uncoated paper and writing paper 235 6.5 VNP (2008) 
  Household and sanitary paper 120 6.4 VNP (2008) 
  Corrugated case materials 820 5.0 VNP (2008) 
  Wrapping papers 60 5.0 VNP (2008) 
  Greyboard (including specialties) 705 5.0 VNP (2008) 
  Folding box board 110 7.5 VNP (2008) 
Fertilizer (all data is expressed in tonnes N) 
  Nitric acid (production capacity) 660 1.0 IPTS/EC (2007b)  
  Ammonia (including feedstock) 2,300 36.5 Lako (2009) 
  Urea 360 4.3 Own estimate 
  Ammonium nitrate (production capacity) 2,200 1.5 IPTS/EC (2007b)  
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  Production 
(kt/yr)1 

SEC 
(GJ/t)2 References 

Building materials  
  Clinker 830 3.1 PBL (2010)  
  Cement 3,160 0.6 USGS (2011a)  
  Tiles 80 6.3 KNB (2009) 
  Bricks 1,050 4.2  KNB (2009) 
  Paving bricks 400 4.6  KNB (2009) 
  Glass  1,615 6.1 PBL (2010) 
Iron and steel 
  Pig iron 6,000 9.5 WSA (2009) 
  Sinter 4,300 1.1 own estimate 
  Pellet 4,400 0.5 own estimate 
  Oxygen blown converters 6,700 0.0 WSA (2009) 
  Electric furnaces 150 0.4 WSA (2009) 
  Continuos casting 6,850 0.0 WSA (2009) 
  Hot rolled products 5,800 1.4 WSA (2009) 
  Cold rolling 4,370 0.9 WSA (2009) 
Non-ferrous 
  Primary aluminium 370 3.1 USGS (2011b) 
  Secondary aluminium 40 4.8 Alsema (2000) 
  Zinc 240 2.0 USGS (2011c) 
  Anode (Pechiney Vlissingen) 120 29.6 Alsema (2000) 
Food4 
  Meat and meat products 6% 

Alsema (2001); 
Hekkenberg (2010) 

  Fish and fish products 0% 
  Fruit and vegetables 9% 
  Vegetable and animal oil/fats 9% 
  Dairy 14% 
  Grain mill products 10% 
  Animal feeds 26% 
  Other food products 21% 
  Beverages 5% 

1 For products where statistical data refers to production capacities, we multiplied the given data by a 
capacity utilization rate of 85% to estimate the actual production in 2008 (Neelis et al., 2005a). 
2 SEC values are based Neelis et al. (2004;2005b) and refer to the situation in 2008. Original data refers to 
1995 (for all sectors except for refineries where data refers to the situation in 2000). SEC values are 
corrected for 2008 based on the energy efficiency developments in each sector between 1995 and 2008 
(refineries between 2000 and 2008) based on Saygin et al. (2012).  
3 High value chemicals (HVC) follow the system boundaries of the steam cracking process according to 
Saygin et al. (2011) (see Chapter 3). 
4 The food sector is divided into its sub-sectors based on the share of total natural gas and other fuel (i.e., 
fermentation gas) consumption according to the data provided in studies by Alsema (2001) and 
Hekkenberg (2010). Production values and SEC values of individual products were not used. 
 
The typical fuel mix for the production processes of each sector in the Netherlands 
are provided in Table 6.A-2. 
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Table 6.A-2: Overview of fuel shares consumed for the selected production processes in the 
bottom-up model. Data refers to the activity level in 2008 and is expressed in 
percentages. Fuels consumed for combined heat and power (CHP) plants are 
included (under conversion processes) 

  Coal and 
coal 
products 

Oil and oil 
products Natural gas References 

Food, paper, fertilizer, 
building materials, 
non-ferrous metals 
sectors 

- - 100 CBS (2010) 

Other chemical sector 
  Steam cracking - 100 - OGJ (2008) 
  Methanol 
  (excl. biomethanol  
  production) 

- - 100 Neelis et al. (2005a) 

  Carbon black 
  (excl. feedstock) - - 100 Neelis et al. (2005 a) 

  Chlorine - - 100 Own assumption; 
Chemiepark Delfzijl (2011) 

  Silicon carbide 100 - - IPTS/EC (2007a) 

  Soda ash - - 100 Chemiepark Delfzijl (2011) 

  All other processes 
  (incl. conversion  
  processes) 

6 36 58 own estimates; CBS (2010) 

Iron and steel sector 

  Integrated iron and 
  steel plant 95 - 5 own estimates; CBS (2010) 

  Electric arc furnaces  - - 100 Gielen and van Dril (1997) 

Petroleum refineries 
  Hydrogen - 38 62 OGJ (2007) 
  Catalytic cracking 
  (petroleum coke) - 100 - Bokestijn et al. (2008) 

  All other processes 
  (incl. conversion 
   processes) 

- 85 15 own estimates; CBS (2010) 

 
We also estimate Dutch industry’s total direct CO2 emissions based on the 

total fuel use of the sectors as reported in the Dutch energy statistics (CBS, 2010). 
This analysis yields the total CO2 emissions of the Dutch industry since the energy 
statistics cover the energy use of all production processes and therefore the analysis is 
required for two purposes: (i) to estimate the coverage of our bottom-up estimates, 
and (ii) to develop the frozen efficiency scenario for the projections of CO2 emissions. 
For the purpose of this analysis, we follow the methodology explained by Spakman et 
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al. (2007) (see Section 3 of their work). The Dutch energy statistics distinguish four 
main types of energy use for each sector (all data expressed in PJ/yr) (CBS, 2010) 
which are then used to estimate the CO2 emissions: 

• Final consumption energy use: Total consumption of energy as fuels to 
produce direct heat in furnaces or to produce steam/hot water in steam 
boilers. By multiplying these values with the respective CO2 emission factors 
of the fuels, the combustion emissions are derived. 

• Final consumption non-energy use: Total consumption of energy as feedstock 
purposes in the production of chemicals (e.g., natural gas for ammonia) or pig 
iron and some inorganics (e.g., coke). By multiplying these values with the 
respective CO2 emission factors of the fuels and taking into account that 
some of the carbon may be stored in the industrial products111, the non-
energy use emissions are derived. 

• Conversion balance for CHP112: Total consumption of energy as fuels to co-
generate heat and power in CHP plants which are registered under the 
industry sectors. By multiplying these values with the respective CO2 emission 
factors, the combustions emissions for CHP are derived. 

• Conversion balance for other conversion processes: during conversion 
processes energy carriers other than heat and electricity are generated, such as 
the conversion of crude oil to petroleum products in petroleum refineries. 
The energy balance of these conversion processes is multiplied with the 
respective CO2 emission factors of the fuels to estimate the emissions for 
other conversion processes. 

 
The item conversion balance for CHP originally includes the CHP plants which 

are fully owned by the industry sectors only. We adapt this item by including the 
quantities of energy input/output of the joint venture CHP plants operated by each 
sector according to Dutch electricity statistics (CBS, 2011a). This adaptation applies to 

                                                 
111 We estimate the carbon which remains in the final products of the other chemical sector by applying 
the 100% carbon storage factor for oil and its products. We estimate the carbon stored in the iron and 
steel sector by assuming 1.3% carbon (by weight) in one tonne of total crude steel production (EPA, 
2003). We account for the quantities of carbon stored in urea production based on the following 
relationship: 0.76 t CO2/t urea production (applies to the fertilizer sector) (Farla et al., 1995). 
112 Conversion balance for CHP and for other conversion processes is equal to the total input of each 
energy carrier minus its total output. For example, in a CHP plant natural gas is input to the conversion 
process. The production of natural gas is 0 since CHPs are not energy transformation processes, but 
processes to convert fuels (e.g., natural gas) into heat and electricity. Thus in a CHP plant, the conversion 
balance for natural gas is equivalent to the total quantity of input. Therefore, all natural gas input results 
in CO2 when it is combusted in CHP plants to co-produce heat and electricity. These CO2 emissions are 
allocated to the industry as CO2 emissions from CHP. 
The use of the terminology conversion derives from the statistical term ‘omzetting’ used in the Dutch 
energy statistics. We use its direct English translation in the context of explaining the methodology to 
estimate the CO2 emissions based on the energy statistics. Further use of the term conversion throughout 
this paper may deviate from this definition. 
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the following four sectors: refineries and the other chemical, food and paper sectors. 
For the other chemical sector and refineries, we adapt the fuel breakdown in the 
conversion balance since a share of the fuels reported under ‘oil and oil products’ (CBS, 
2010) is actually reported under other fuel products according to the Dutch electricity 
statistics (CBS, 2011a). We assume that these fuels are refinery rest gas for refineries 
and chemical rest gas for the other chemical sector.  
 

The sum of the energy consumption according to these four items of the 
Dutch energy statistics is equivalent to the total energy consumption balance of the 
sector (‘verbruikssaldo’), i.e., the net quantities of fuels consumed for industrial and 
conversion processes within the system boundaries of the sector (CBS, 2010). 
 

To estimate the CO2 emissions at sector level, we distinguish between four 
main types of energy carriers, namely coal and its products, crude oil and its products, 
natural gas and others. We group the related energy carriers into single categories, e.g., 
LPG, motor benzene, chemical rest gas are reported under crude oil and its 
products113. As a subsequent step, we multiply the total energy use of each energy 
carrier with the respective CO2 emission factor according to the PBL (2010) which are 
specific to the Netherlands. This is, however, a simplified approach since CO2 
emission factor of each energy carrier differs from each other, but we regard the 
differences across different energy carriers of a certain fuel type negligible.  
 

We compare these estimates to the CO2 emissions reported according to the 
National Inventory Report (NIR) of GHG emissions of the Netherlands (PBL, 2010) 
and the PRTR (ER, 2011) in Table 6.A-3. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
113 Iron and steel sector is an exception since we treat each fuel separately. We choose to do so because 
the energy input to this sector varies in its CO2 content, e.g., coke oven gas, blast furnace gas, coal and 
coke. We also make a distinction for refinery rest gas and chemical rest gas, and apply a fuel specific 
emission factor of 66 kg CO2/GJ based on PBL (2010). Similarly for catalytic cracking process, we apply 
a fuel specific emission factor of 84 kg CO2/GJ for petroleum coke (PBL, 2010). 
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Table 6.A-3: Comparison of the direct CO2 emission estimates: own estimates versus NIR and 
the PRTR. All information refers to the activity level in 2008. All data is expressed in 
Mt CO2/yr unless otherwise stated. Sources: own estimates, CBS (2010; 2011a); ER 
(2011); PBL (2010) 

  Own estimates, based 
on: 

NIR Emission 
estimates Emissions 

according 
to the 
PRTR 

Difference (Δ) 

Dutch 
energy 
statistics 

Incl. CHP 
from 
electricity 
statistics 

Energy 
related 

Ind. 
process 
related 

Own 
estimate 
- NIR 

Own 
estimate 
- PRTR 

Total 
chemical1 16.5 24.1 

12.5 3.7 

19.5 

+0.4 

-2.8 

  Other 
  chemical 12.1 20.7 17.0 -4.9 

  Fertilizer 4.5 4.1 2.3 +2.1 
Basic metal 11.4 5.1 1.8 

11.4 

+4.6 

0   Iron and 
   steel2 10.6 4.8 1.3 +4.5 

  Non-ferrous 0.8 0.2 0.4 +0.1 
Refineries 11.4 13.1 10.9 - 11.9 +0.4 +0.4 
Food 3.6 3.9 3.6 0.0 2.6 0.0 +1.1 
Paper3 1.2 1.5 1.2 - 2.0 0.0 -0.8 
Building 
materials4 2.3 

5.2 1.0 
1.6 

-2.0 -2.5 Other 
sectors5 1.9 N/A 

Total 48.6 58.9 38.4 6.4 48.7 +3.4 -0.5 
1 Estimates include emissions from the production of ethylene oxide and soda ash (latter is reported 
under the category ‘mineral products’ in the NIR). Emissions from the production of carbon electrodes 
(0.08 Mt CO2/yr), graphite (0.02 Mt CO2/yr) and other chemicals (0.4 Mt CO2/yr) are excluded. The last 
item includes emissions from the production of industrial gases (e.g., hydrogen, carbon monoxide). 
Emissions related to the hydrogen production are (via steam reforming of methane (two-thirds of total 
hydrogen production) and partial oxidation of oil (one-third of total hydrogen production)) included 
under the refineries. 
Neelis and Blinde (2010) and Saygin et al. (2012) discuss in detail the errors in the energy use values 
reported in Dutch energy statistics. We do not account for these errors when estimating the CO2 
emissions of the sector. 
2 The single iron and steel plant in the Netherlands is an integrated one which includes an on-site coke 
oven to supply coke required in the blast furnace. While NIR includes the emissions from fuels 
consumed for coke production in this on-site plant, we exclude it from our analysis. We choose to do so 
because the energy consumption of the coke ovens is reported under the transformation sector (i.e., 
energy supply sector) instead of the manufacturing sector. Our choice leads to the exclusion of 
approximately 0.6 Mt CO2 emissions (estimated according to the total consumption of 6.7 PJ/yr coke 
oven gas, 1.3 PJ/yr blast furnace gas and 0.3 PJ/yr other oil products). 
3 Our estimates exclude the CO2 emissions from the printing sector (0.1 Mt CO2/yr) 
4 Data includes industrial process emissions arising from the production of clinker (0.42 Mt CO2/yr) and 
glass (0.19 Mt CO2/yr), but excludes the emissions from limestone and dolomite use. 
5 We estimate the CO2 emissions from other sectors to be comparable with the boundaries of the NIR 
and PRTR. 
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We show in Table 6.A-4 that our bottom-up estimates only cover 66% of the 
total industrial CO2 emissions in the Netherlands when compared to our estimates 
based on the Dutch energy statistics (CBS, 2010). This is due to the low coverage 
estimated for the total chemical sector and refineries which account for two-thirds 
(37.9 Mt CO2/yr) of the total direct industrial CO2 emissions in the Netherlands in 
2008 (57 Mt CO2/yr).  
 
Table 6.A-4: Coverage of bottom-up emission estimates compared to total direct CO2 emissions 

estimates according to the Dutch energy statistics. Data refers to the activity level in 
2008 

  

Bottom-up 
estimates 
(Mt CO2/yr) 

Estimates 
based on 
Dutch energy 
statistics 
(Mt CO2/yr) 

Coverage (%) 

Total chemical 11.0 
24.8 44   Other chemical 6.0 

  Fertilizer 5.0 
Basic metal 11.3 11.4 99 
  Iron and steel 10.6 10.6 100 
  Non-ferrous 0.7 0.8 84 
Refineries 8.2 13.1 62 
Food 3.9 3.9 100 
Paper 1.5 1.5 100 
Building materials 1.9 2.3 83 
Total 37.7 57.0 66 

 
Appendix 6.B Production growth in the Dutch industry between 2008 and 

2040 
Table 5-2 (Chapter 5) provides the annual production growth rates of the most 
important processes in the Dutch industry for the periods 2008-2025 and 2025-2040. 
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7  Assessment of the technical and economic potentials of 
biomass use for the production of steam, 

chemicals and polymers114 
 

Deger Saygin, Dolf J. Gielen, Mark Draeck, Ernst Worrell, Martin K. Patel 
 

Abstract 
Substitution of fossil fuels with biomass is one of the measures to reduce carbon 
dioxide (CO2) emissions. In this chapter, we estimate the cost-effectiveness of raising 
steam (for use in industry) and producing materials (i.e., chemicals, polymers) from 
biomass. We quantify the long-term global potentials of these options in terms of 
energy savings, CO2 emission reduction, cost and resource availability. Technically, 
biomass can replace all fossil fuels used for the production of materials and low and 
medium temperature steam. However, cost-effective opportunities exist in steam 
production from biomass residues and in substitution of high value petrochemicals by 
bio-based materials, which would together require more than 20 exajoules (EJ) 
biomass worldwide by 2030. Potentials are estimated to double in 2050 and reach 38-
45 EJ (25% of the total industrial energy use), with most demand in developing 
countries and economies in transition. The exploitation of these potentials depends on 
energy prices as well as fiscal instruments, industry’s access to local biomass supply 
and the developments in biomass trade. Biomass potential for feedstock purposes is 
nearly as high as for steam production, indicating its importance. However, more 
resource efficient materials need to be developed; otherwise more land will be 
required to meet feedstock potentials compared to steam. This is particularly 
important given the limited sustainable biomass supply potentials and the increasing 
competition for biomass from other sectors of the economy. 

                                                 
114 Submitted. 
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7.1 Introduction 
Global manufacturing industry used 129 exajoules (EJ) of final energy in 2008 
(including feedstocks). This is equivalent to one-third of the total final energy use 
worldwide (IEA, 2010a). 74 EJ of the total industrial energy use was related to process 
heat in the form of direct heat (incl. thermal oil) or as steam (incl. hot water) and 
another 55 EJ was used by blast furnaces and coke ovens for iron and steel 
production (9 EJ), as feedstocks for chemicals and polymers production (21 EJ) and 
as electricity for processes or auxiliaries (25 EJ) (IEA, 2010a). Developing countries 
and economies in transition (represented by non-OECD countries in this study115) 
account for 60% of the total demand. Both global industrial energy use and the related 
greenhouse gas (GHG) emissions are projected to rise as a result of production 
increase in these countries. Compared to today (2008), total industrial energy demand 
is expected to increase by 50-200% by 2050 (IEA, 2009). During the last United 
Nations Climate Change Conference (UNFCCC) in Durban in December 2011, 
countries agreed to agree on an emission reduction target no later than 2015 
(UNFCCC, 2011). Some regions are already active in developing long term emission 
reduction plans. For example, the European Union (EU) developed a roadmap to 
reduce its total GHG emissions by approximately 80% by 2050 as compared to 1990, 
with a foreseen decrease of carbon dioxide (CO2) emissions from industry by around 
85% (EC, 2011). There is a number of technology options to reach these goals, 
namely improving industrial energy efficiency (e.g., Worrell et al., 2009; Saygin et al., 
2011a) (see Chapter 2), developing and implementing CO2 capture technologies for 
industrial processes (e.g., UNIDO/IEA, 2011), improving post-consumer waste 
treatment options (e.g., Björklund and Finnveden, 2005; ICCA, 2009) and switching 
from the current fossil fuels and fossil feedstocks to less CO2 emission intensive 
alternatives (e.g., IEA, 2009a; Taibi et al., 2012; Laurijsen et al., 2012). 
 

This chapter focuses on the potentials of switching from fossil fuels and 
feedstocks to renewables. Renewables are less CO2 emission intensive alternatives 
(IPCC, 2011) as fuel for generating process heat (consumed in all sectors of the 
industry) and as feedstock for the production of chemicals and polymers (from now 
on jointly referred to as materials). For this reason, they are the subject of extensive 
discussion and research. Among the five main renewable energy resources (i.e., 
bioenergy, solar, geothermal, hydro, wind), bioenergy is projected to contribute 
substantially to the economy-wide energy demand in the long term (including energy 
crops and residues) (e.g., IPCC, 2011; Cornelissen et al., 2012).  
 

                                                 
115 Organization for Economic Cooperation and Development (OECD) includes the industrialized and 
high-income countries. Non-OECD countries include the developing countries and economies in 
transition. 
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The objectives of this chapter are (i) to conduct a technical and economic 
assessment of the opportunities of industrial biomass use for the production of steam 
and materials and (ii) to provide estimates of the potentials of biomass use in industry 
in 2030 and 2050. In the next section, we provide background information on the 
current situation of industrial biomass use. In Section 7.3, we explain the 
methodologies for the techno-economic and environmental assessment of industrial 
steam and materials production from biomass and scenario analysis. In Section 7.4, we 
present the results of our analysis for the current situation and 2030, and we quantify 
the potential biomass demand in industry until 2050. Next, we discuss our findings, 
paying particular attention to the technology development and policy needs in view of 
the limited biomass supply potentials (Section 7.5). We end this chapter in Section 7.6 
with conclusions and recommendations for industry and policy makers. 
 
7.2 Current situation, available technologies and deployment potentials 
Industrial processes are operated in a wide temperature range and the temperature 
level partly determines the fuel choice and the type of technology applied for steam 
generation. For example, while drying, washing, and heat treatment of the food 
industry and cleaning, dyeing and bleaching activities of the textile industry operate 
below 150 oC, distillation processes, boilers and reactors of the chemical industry 
operate above 250 oC and temperatures are even higher for the iron and steel 
production processes (see Figure 7-1). While low and medium temperature process 
heat is typically supplied via steam, high temperature applications are provided in the 
form of direct heat, for example in cement kilns or in the iron and steel sector. 
Currently, low (<150 oC), medium (150-400 oC) and high (>400 oC) temperature 
process heat use accounts for 32%, 23% and 45% of the total industrial process heat 
demand respectively (see Figure 7-1) (Euroheat and Power, 2006; IEA, 2010a). 
 

Steam is generated at high conversion efficiencies which reach above 85% 
(Einstein et al., 2001). Today, about 90% of the fuel use for this purpose is supplied 
by fossil fuels, and the remainder is from renewable energy sources especially in the 
pulp and paper sector (10%) (IEA, 2010a). The current share of renewable energy 
sources is similar in both OECD and non-OECD countries. Typical renewable energy 
sources are wood waste (e.g., bark, black liquor) used in the pulp and paper sector and 
charcoal use in small-scale blast furnaces (IEA, 2010a; Taibi et al., 2012).  
 

Today, biomass combustion for steam production is limited, but there are 
large potentials (IEA, 2007; Seyboth et al., 2008). Fuel switching to biomass could 
provide low and medium temperature steam (<400 oC) (van Loo and Koppejan, 2008) 
as well as electricity (e.g., Obernberger and Thek, 2004; IEA, 2007) by technologies 
such as: (i) fixed bed boilers (from a few kilowatt thermal (kWth) up to 20 megawatt 
(MWth)), (ii) fluidized bed boilers (>20-30 MWth), (iii) biomass gasification (from 
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syngas) plants and (iv) co-firing technologies (IEA, 2007; VTT, 2007; IPCC, 2011). 
Depending on the combustion technology, the fuel type and its features (e.g., moisture 
content of biomass), the temperature and pressure of the steam will differ (EPA, 
2007).  
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Figure 7-1: Sectoral breakdown of total final industrial energy use in OECD and non-OECD 
countries (incl. feedstock, electricity use) and breakdown of global final industrial 
process fuel use by temperature level of steam, 2008. Sources: IEA (2010a); 
Euroheat and Power (2006) 

 
Nearly all feedstock energy currently originates from fossil fuels which 

reached 21.5 EJ in 2008 (IEA, 2010a). Together with 0.6 EJ of biomass, this feedstock 
energy was used to produce plastics, ammonia, methanol, carbon black, carbides and 
other synthetic organic materials. In total, approximately 350 megatonnes (Mt) per 
year synthetic organic materials were produced (see Figure 7-2 for the related 
quantities)116. 
                                                 
116 Worldwide a total of 27 Mt primary biomass was consumed for the production of bio-based products. 
This includes: 

• a total of 20 Mt primary biomass used for the production of 9.6 Mt/yr (primarily mature) bio-
based products, i.e., 4 Mt/yr non-food starch products (excluding quantities used for ethanol 
and for corrugating and paper making), 4.2 Mt/yr man-made cellulosic fibers and other 
cellulosic products, 1 Mt/yr alkyd resins and 0.4 Mt/yr (incl. PLA) emerging bio-based 
monomers and polymers (Shen et al., 2010a). This requires a total of 0.3 EJ of biomass use as 
feedstock, assuming a lower heating value of 17.5 GJ per tonne of biomass. 
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Currently plastics and fibers account for about ~85% of the total synthetic 

organic materials production (~290 Mt/yr) and their production is expected to 
continue growing (IEA, 2009a). This creates considerable potentials for switching to 
biomass for feedstock purposes117 (Shen et al., 2010a). Gielen et al. (2008) discuss four 
principal ways to produce materials from biomass: (i) Direct use of naturally occurring 
polymers, (ii) Thermo-chemical conversion of biomass (iii) Industrial (or “white”) 
biotechnology, and (iv) “Green” biotechnology using genetically modified crops 
tailored to the needs of material production. While the first three technologies are 
already partly applied and could be further deployed in the short to long term, the 
fourth option is still under development. In addition, substitution of bio-based 
materials is determined by their material characteristics and the product functions of 
the petrochemical equivalents to be replaced (Chen and Patel, 2012). We identify three 
categories of bio-based materials: (i) same compound made from renewable 
feedstocks instead of petrochemicals (e.g., bio-based polyethylene (bio-PE) from bio-
ethanol), (ii) materials with comparable functionality (e.g., polylactic acid (PLA) to 
substitute polyethylene terephtalate (PET), polytrimethylene terephthalate (PTT) for 
nylon), and (iii) final products with different functions (e.g., biodegradable plastics). 
 

                                                                                                                            
• a total of 7 Mt oleochemicals which are derived from fatty acids, fatty alcohols and glycerol 

(by-product of biodiesel production) (see Figure 7-2) (11.5 Mt vegetable oils; (MAN, 2008)). 
This is equivalent to 0.3 EJ of biomass use as feedstock, assuming a lower heating value of 37 
GJ per tonne of oleochemical. 

117 Synthetic rubber could be produced from isobutylene based on renewable resources (Chemweek, 
2011) and today’s share of surfactants and solvents produced from renewable feedstocks could be further 
increased based on a wide range of possible renewable feedstocks including oleochemicals, sugars and 
proteins (e.g., Langeveld et al., 2010; Kjelin and Johansson, 2010).  
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Figure 7-2: World organic chemical industry mass balance and current consumption estimates of 

renewable raw materials for the chemical industry and for other markets, 2007. 
Sources: Gielen et al. (2008) and Shen et al. (2010a). Note: Net addition is the total 
production of surfactants, solvents, synthetic rubber, fibers and processed plastics 
minus the total of post-consumer waste and materials loss. Total quantities of starch 
and sucrose consumed for bioethanol production are excluded 
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7.3 Methodology 
In this section we describe the methodology. We first analyse the cost-effectiveness of 
biomass as fuel for steam production (excluding blast furnaces and coke ovens) and as 
feedstock for materials production based on economic indicators. For steam, we first 
estimate its production costs from fossil fuel as opposed to biomass (boilers and 
combined heat and power (CHP) plants), and subsequently its net present value 
(NPV) from biomass relative to the fossil fuel-fired boilers based on a bottom-up cost 
analysis (see Appendix 7.A, Equations 7.A-1 and 7.A-2). We analyse the cost-
effectiveness for two biomass scenarios, namely low-cost and expensive sources of 
biomass which represent biomass residues and biomass energy crops respectively (see 
Appendix 7.B for all energy prices). For CHP, we allocate all costs to steam on the 
basis of the exergy content of products (i.e., exergy/energy ratio of 0.2 for low and 0.4 
for medium temperature steam and 1 for electricity). An alternative approach would 
be to estimate the total costs of the CHP system and credit the revenues from 
electricity co-production. However, this would introduce additional uncertainty to our 
findings since forecasting future electricity prices is complex and prices vary widely 
from country to country and sometimes also within one country. For materials, we 
determine the ratio of the current and future production costs or sales prices of 
comparable materials which we collect via communication from manufacturers, 
literature or by making use of the updated BREW model118; we draw conclusions by 
comparing these ratios of various bio-based materials since data at our disposal is not 
adequate to make a detailed cost analysis119.  
 

In addition to economic indicators, we calculate the CO2 emission reduction that 
can be achieved with bio-based products in comparison to their petrochemical 
counterparts (in absolute values), thereby excluding non-CO2 GHG emissions and 
emissions related to direct and indirect land use change120 (see Appendix 7.A, 
Equations 7.A-3 and 7.A-4 and Appendix 7.B, Table 7.B-8). 
 

                                                 
118 The BREW model allows carrying out the economic assessment for chemicals based on their product 
value. Product value is defined as the total of the production costs and profits, and it is an approximation 
of the market price (Patel et al., 2006). Confidential data made available for the BREW model (2003-
2006) were not used. Wherever the original calculations involved the use of confidential data, 
extrapolation and triangulation was applied using results published in Patel et al. (2006), Hermann and 
Patel (2007) and Hermann et al. (2010). 
119 The system boundaries of economic data available for materials are incomparable since we have a mix 
of production costs and sales prices at our disposal. We therefore estimate the ratios of the economic 
data for each bio-based material and its petrochemical counterpart to estimate their cost-competitiveness. 
As in the case of steam, it is not possible to carry out the analysis based on the differences in absolute 
values.  
120 We choose to exclude indirect land use change (iLUC) related GHG emissions given the uncertainties 
in the modeling efforts and the current estimates (Fritsche et al., 2010; Plevin et al., 2010; Mullins et al., 
2011; Wicke et al., 2012). 
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We focus on the substitution of low and medium temperature steam (see 
Figure 7-1) and exclude high temperature applications. We analyze two steam 
generation technologies, namely steam boilers and CHP plants. For bio-based 
materials, we only consider the products of the organic chemical industry (i.e., 
polymers, chemicals; see Figure 7-2). We exclude the analysis of biomass used for 
other materials such as paper.  
 

We choose gigajoules thermal (GJth) of process heat provided via steam as 
functional unit. For materials, we use the functional units defined in the original study 
we reviewed which is in most cases one tonne of bio-based material. The system 
boundary of the entire analysis is defined as cradle-to-factory gate and we therefore 
exclude the emissions from end-of-life waste treatment (e.g., release of carbon stored 
in waste plastic during incineration). For bio-based materials, carbon sequestered in 
the products is accounted for as CO2 removal from the atmosphere (PAS 2050, 2011; 
ISO, 2012). A detailed overview of the data sources (e.g., energy prices, capital costs) 
used and assumptions made for this analysis is provided in the Appendix 7.B (see 
Table 7.B-1 to Table 7.B-4).  
 

The methodology allows us to: (i) compare the environmental and economic 
performance of bio-based steam and materials with fossil fuel-based production, and 
(ii) compare the economic potentials of using biomass for steam and materials 
production relative to the technical potentials. However, these results do not allow to 
directly compare the environmental performance of bio-based steam (derived from 
international energy statistics (IEA, 2010a)) with the environmental performance of 
bio-based materials (derived from a combination of information from manufacturers, 
literature or the updated BREW model). This is due to the difference in functional 
units resulting in incomparable metrics, e.g., tonnes of CO2 saved per GJth steam 
versus CO2 saved per tonne of material. We therefore develop a third indicator which 
represents the ratio of CO2 emissions saved per GJ of biomass required for a given 
functional unit. Unless directly reported, we estimate the biomass required by 
multiplying the biomass yields in GJ biomass per hectare per year with the land use in 
hectares per GJ of bio-based material121. 
 

Next we discuss the methodology applied to estimate the technical and economic 
potentials for the years 2030 and 2050 by taking into account the low and high 
production growth rates of each industry sector (IEA, 2009a). We define technical 
                                                 
121 Annual biomass yields are between 10 (average of current corn and woody/herbaceous) and 17 
(Brazilian sugar cane best practice) tonnes per hectare per year (Larson, 2006; Dornburg et al., 2008a) 
which would represent the optimistic average in temperate and tropical climate zones respectively. We 
assume a lower heating value of 17.5 GJ per tonne for biomass. The land use efficiency of each bio-based 
material is provided in Appendix 7.B (see Table 7.B-10) and is based on Patel et al. (2006). For those 
materials for we which we have no further information we use a range of 0.2-0.4 hectares per tonne. 
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potentials as the extent to which all industrial fossil fuel input can be replaced by 
biomass for steam and materials production if all technical options are exploited. We 
define the economic potentials as follows and perform the analysis for the situation in 
2030: 

• For bio-based steam production, we consider all options which have CO2 
abatement costs below the baseline CO2 tax in 2030 (40 US Dollars per tonne 
of CO2 in OECD countries (based on European Union) and no CO2 tax in all 
other countries) (IEA, 2010b). 

• For bio-based materials, we estimate the annual production growth rates (in % 
per annum (p.a.)) for two scenarios, namely baseline (BaU) (based on capacity 
announcements according to Shen et al. (2009)) and optimistic technology 
(OT) development (based on Dornburg et al. (2008b) where under favourable 
circumstances a 40% substitution of the technical potential is estimated for 
EU-25 by 2050) (see Table 7-1). In a subsequent step, we semi-quantitatively 
judge the market potential for each bio-based material for three circumstances 
to estimate the economic potentials: (i) BaU production growth rates, (ii) 
current price ratios (bio-based/petrochemical), (iii) price ratio reductions due 
to the developments in fossil fuel and sugar prices and technological 
developments (see Table 7-1). 
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Table 7-1: Overview of assumptions to estimate the production growth rates of the economic potentials of bio-based materials 

  Petrochem. 
counterpart 

Develop
ment 
selected 
for 
economic 
potentials 

Production growth rates 
(2009 - 2030) 

2009 price ratio (crude 
oil: USD 75 per bbl) 

2030 price ratio based on 
Updated BREW model (crude 
oil: USD 115 per barrel)  

Reduction 
potentials of 2009 
price ratios 

Baseline 
(BaU) 

Optimis
tic tech. 
(OT) 

Tech. 
potential 

A) 
Literature
, manuf. 

B) 
Updated 
BREW 
model 
(Sugar 
price: 400, 
current 
tech) 

C)  
Sugar 
price: 
400 
(current 
tech) 

D) 
Sugar 
price: 
600 
(current 
tech) 

E) 
Sugar 
price: 
600 
(future 
tech) 

Energy 
price 
increase: 
D) vs. 
B) 

Techolo
gy: E) 
vs. D) 

(% p.a.) (% p.a.) (% p.a.) (-) (-) (-) (-) (-) (%) (%) 
Bio 
ethylene1 Ethylene OT 7 25 32 1.2–1.7 1.4 1.0 1.3 1.2 12 4 

BioPE2 PE OT 11 24 30 1.2–1.3 - - - - - - 
BioPET3 PET BaU 10 57 65 - - - - - - - 

PHA4 

Mix: PE, PP, 
PVC, PS, 
PET, PUR, 
ABS, PMMA 

BaU-OT 17 29 36 4.9–5.4 1.1 0.8 1.0 0.9 11 9 

PTT5 
Mix: PP, 
PET, PA, PC, 
PBT, PMMA 

BaU-OT 0 30 37 1.0–1.6 0.5 0.5 0.6 0.5 -9 10 

PLA6 
Mix: PE, PP, 
PS, PET, PA, 
PMMA 

OT 12 18 25 0.9–1.3 1.0 0.9 1.0 0.9 1 13 

Starch 
Polymers7 

Mix: PE, PP, 
PS, PUR, 
PMMA 

BaU-OT 18 18 24 1.1–3.9 - - - - - - 

Cellulosic 
Films8 

Mix: PP, 
PVC, PS,PET BaU 7 33 40 3.0–4.2 - - - - - - 
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Note: PE: polyethylene, PET: polyethylene terephthalate, PP: polypropylene, PVC: polyvinylchloride, PS: polystyrene, PUR: polyurethane, ABS: acrylonitrile 
butadiene styrene, PMMA: polymethyl methacrylate, PA: polyamide, PC: polycarbonate. USD: US Dollars. 
1 Baseline production growth rate is similar to the average of all chemicals. Current price ratio is advantageous. Future energy price developments can accelerate 
production growth, but the future technologies will accelerate relatively lower. 
2 Assumed same as ethylene. 
3 Little information is available related to the product and therefore we assumed the production growth rates as the average of the baseline of all chemicals 
(presented in italics). 
4 Baseline production growth rate is highest. Current price ratio is not advantageous. Future energy price and technology developments can accelerate production 
growth. 
5,6 Baseline production growth rate of PTT is lowest among all other chemical and of PLA is relatively high. Current price ratios are advantageous. Future 
technologies can accelerate production growth, but energy prices less. 
7,8 Baseline production growth of starch polymers is highest and of cellulosic films is similar to the average of all chemicals. Current price ratios are not 
advantageous. No information is available related to the contribution of energy prices and technologies. 
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We also compare industry sector’s biomass demand related to the economic 
potentials with the long term biomass supply potentials in 2050, the year which most 
studies provide estimates for (see Appendix 7.B, Table 7.B-12). For this purpose, we 
extrapolate the market share trends which we estimated for the time period between 
2007/2009 and 2030.  
 

The geographical focus of our analysis is the total of OECD and non-OECD 
countries. In addition, we distinguish eight main world regions for biomass used as 
fuel, namely OECD countries, South Africa, South America, South East Asia, China, 
India, Economies in Transition (EIT), and rest of the world. Due to lack of data, it is 
not possible to conduct analyses at regional levels for bio-based materials. 
 

We conduct an uncertainty analysis in order to account for ranges in the 
background data used to calculate the three indicators ((i) economic, (ii) CO2 emission 
savings, and (iii) GJ of biomass required). We take the ranges of each individual 
component (e.g., energy prices, interest rates, capital costs, for steam production 
costs) and apply standard (i.e., Gaussian) error propagation rules to quantify the total 
uncertainties (see ranges of data used for the analysis in Appendix 7.B). We report 
these uncertainties as range (±) around the mean value. Where applicable, we also 
provide inner and outer ranges around the mean value which represent the minimum 
and maximum values of the datasets. 
 
7.4 Results 
We begin by presenting the cost-effectiveness of bio-based steam and materials 
production (Sections 7.4.1 and 7.4.2 respectively). Next, we quantify the technical and 
economic potentials of biomass in 2030 and 2050 (Section 7.4.3). In the final part of 
this section (Section 7.4.4), we compare the CO2 emission reductions compared to 
steam and materials production from fossil fuels. 
 
7.4.1 Biomass as fuel for steam production 
In Table 7-2, we provide production cost estimates for steam generation from 
biomass and fossil fuels by accounting for each region’s fuel mix and energy prices 
(see Appendix 7.B, Table 7.B-5 for detailed results). Currently, fossil fuel-based steam 
production costs in OECD countries (lowest row in the table) are estimated to be 
between USD 7 ± 2 and 22 ± 3 per GJth122 (average: USD 14 ± 3 per GJth). In 
comparison, production costs from low-cost biomass sources (i.e., biomass residues) 
range from USD 8 ± 3 (steam boiler) to USD 7 ± 4 per GJth (CHP). For expensive 
biomass sources (i.e., energy crops), we estimate for OECD countries higher costs 

                                                 
122 The production cost range of USD 7 to 22 per GJ is due to the different types of fossil fuels and the 
respective prices. The ± range refers to the uncertainties around the mean value due to variation of all 
production cost factors except for fossil fuel prices (see the methodology in Section 7.3).  



267 Chapter 7 
 

 

between USD 25 ± 14 and USD 17 ± 9 per GJth which is by a factor 1.5-2.0 higher 
than the production from fossil fuels. 
 

In non-OECD countries, steam production costs from fossil fuels compare 
with those of OECD countries or are estimated to be lower in some countries with a 
range from only USD 4 ± 2 to USD 24 ± 4 per GJth (average: USD 12 ± 4 per GJth). 
In regions where low-cost biomass is available (e.g., some countries in Africa and 
South East Asia) steam could be produced at 20-40% lower cost compared to fossil 
fuel based production, estimated at USD 3-8 per GJth in the case of stand-alone 
boilers and CHP plants. In regions where energy crops could play an important role 
(e.g., South America), we estimate production costs of USD 10-27 per GJth which is 
by a factor 2-3 higher than the fossil fuel-based systems. For both OECD and non-
OECD countries, the difference in steam production costs for boilers and CHPs is 
largely driven by the capital costs and the fuel costs. Compared to boilers, production 
costs of steam from CHPs are similar or slightly lower when we allocate all CHP 
related costs to heat (i.e., capital, fuel)123. 
 

In 2030, in all regions, fossil fuel based steam production costs are expected 
to (slightly) increase by USD 0-10 per GJth due to the increase in energy prices (see 
Figure 7-3). For bio-based steam, we estimate a somewhat larger increase by USD 2-
11 per GJth between today and 2030 which is primarily due to the larger increase in 
biomass prices (for steam from biomass, fuel costs account for about 70% of the total 
steam production costs) (see Table 7-2). The effect of the increase of biomass prices is 
slightly tempered by the minor improvements in fuel utilization efficiency of boilers. 
Despite a number of methodological differences between this study and the studies by 
IEA (2007; Annex A) and IPCC (2011; Annex III), our estimates for boiler systems 
compare well with the findings of both studies (an average of USD 33 per GJth for 
biomass pellet fired boiler systems) if similar background data are assumed. For 
biomass prices of USD 5-12 per GJ, IEA (2012) estimates steam production costs of 
USD 8-19 per GJth by 2030 which confirms our findings at similar biomass prices. In 
comparison, our estimates for CHP systems for low-cost sources of biomass (USD 5-
11 per GJth) are much lower than the findings of IEA (2007) (USD 26 per GJth) due to 
the differences in the steam generation efficiencies (18%) assumed by IEA (2007) as 
opposed to our values (80% total fuel utilization efficiency of the entire CHP system; 
see Appendix 7.B, Table 7.B-1) and the allocation methodology. 

                                                 
123 Alternatively we analyze the production costs of CHPs by taking into account the system’s total costs 
and by crediting the revenues from electricity co-production. By assuming that electricity is sold at market 
price, we estimate similar production costs as based on exergy allocation. However, in reality, CHP owners 
could sell their electricity lower than the market price. In this case, heat production costs would be USD 
1-10 GJth higher than our estimates. 
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Table 7-2: Levelized costs of steam production for OECD and non-OECD countries, 2009 and 2030. Costs and avoided CO2 emissions results are 
expressed in USD/GJth and t CO2/GJth respectively 

  

OECD non-OECD Avoided CO2 
emissions2 

Low biomass 
price 

High biomass 
price Average3 Low biomass 

price 
High biomass 
price Average3 

OECD non-
OECD 

2009 2030 2009 2030 2030  2009 2030 2009 2030 2030  
Biomass 

Stand-alone boilers (2 
technologies evaluated)1 

~8 ~12 ~25 ~36 ~32 5–8 10–13 18–27 23–36 21–29 
0.069 0.065–

0.089 CHPs (2 technologies 
evaluated)1 

5–8 8–11 15–18 21–24 19–22 3–8 5–11 10–20 14–26 11–21 

      

 
OECD non-OECD Avoided CO2 

emissions 2009 2030 2009 2030 
Current fossil fuel mix 
Stand-alone boilers 7–22 7–32 4–24 4–32 N/A N/A 

Note: All data refers to the crude oil price of USD 75 and 115 per barrel in 2009 and in 2030 respectively. 
1 Costs other than capital and energy are assumed to be 10% of the total steam production costs (IEA, 2007). 
2 Abated emissions are estimated for each region based on the fuel mix and the structure of the industry according to international energy statistics (IEA, 2010a;b). 
We assume all fossil fuel use reported according to IEA (2010a;b) is consumed for steam production. This could be abated by biomass-fired steam generation 
technologies (i.e., boiler, CHP). 
Abated emissions represent the total CO2 emission savings from upstream activities (i.e., processing and transportation of fossil fuels (e.g., raw natural gas) to final 
energy carriers) and from the avoided combustion of fossil fuels. While we assume that all combustion related emissions can be abated (since new biomass sources 
will be planted to replace those which are combusted), we estimate that only 60% of the emissions from upstream activities can be avoided (based on comparison 
of fossil fuels with wood pellets, short rotation chips, waste wood and forest residue chips and miscanthus, switchgrass and straw bales; (Fritsche and Rausch, 
2009)).  
3 Average is estimated by weighing the share of low and high biomass prices according to Taibi et al. (2012). 
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According to the NPV estimates (see Figure 7-3) steam production from 
boilers and CHPs is currently cost-competitive in all regions for biomass residues 
(NPV>0). In contrast, only in few cases steam can be cost-effectively produced from 
biomass energy crops (NPV between 0 and 10 million USD), namely in South East 
Asia, South Africa and South America. In 2030, cost-competitiveness of bio-based 
steam production remains same as today for both low-cost and expensive biomass 
sources. There are early opportunities in countries with biomass residues. The NPV 
estimates tend to be higher in regions with high fossil fuel prices and vice versa (see 
Figure 7-3). This indicates that potentials for biomass residues will exist in particular if 
fossil fuel prices increase more than the biomass prices. 
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Low biomass prices, 2030
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Figure 7-3: NPV estimates of bio-based steam production systems relative to fossil fuel based 
systems; assuming 20 MWth steam production capacity (typical size of the fossil fuel-
based boilers), annual operation rate of 7,500 hours. Note: In most countries 
analyzed, NPVs of CHPs are USD 5-20 million higher than those of the boilers.  

 
7.4.2 Biomass as feedstock for materials production 
We now discuss the cost-competitiveness of bio-based materials. Figure 7-4 plots the 
current CO2 emission savings achievable by bio-based materials versus current sales 
price ratios for bio-based materials compared to the petrochemical equivalents. While 
we show a single data point for the price ratios due to limited data availability (on y-
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axis), we present a range for CO2 emission savings as more data is available (on x-
axis). For bio-based materials which are already commercialized at large scale (i.e., bio-
ethylene, bio-PE, PLA, starch polymers and man-made cellulose fibers; see Figure 
7-4a), we estimate price ratios between 0.9 ± 0.2 and 3.9 ± 1.0 where two-thirds of the 
cases are between 1.0 and 1.8 (see Appendix 7.B, Table 7.B-7 and Table 7.B-8 for 
detailed results): 

• According to IRENA (2012) estimates, the current average worldwide 
production costs of bio-based ethylene are 20-80% higher compared to the 
fossil fuel-based ethylene by steam cracking process (varying from slightly 
higher production costs in Brazil/India to 2-3 higher values in Europe/North 
America). The results of the updated BREW model indicate a similar 
difference of 40%. Furthermore, bio-PE (produced in Brazil from sugar cane) 
is currently sold about 25% more expensively compared to its petrochemical 
equivalent (Braskem, 2007a).  

• Based on data from manufacturers and the updated BREW model, we 
estimate that PLA could have a price ratio of 0.9-1.2 when compared to PET 
which it currently substitutes. However, when we compare PLA to the mix of 
polymers which it could theoretically replace (Shen et al., 2010a), its price 
could be 20% higher.  

• For starch polymers, our comparison yields price ratios which are 1.6-3.9 
times higher compared to low density polyethylene (LDPE) and 1.1-2.9 
higher compared to the entire polymer mix which they could replace. 

• We estimate that man-made cellulose fibers are only 10-30% more expensive 
than cotton, PET or PP fibers which could be explained by the large market 
size already achieved.  

 
In comparison to these commercialized materials with large capacity, the 

economics are less favourable for materials which currently have smaller capacity or 
are only in development (prices ratio <1 is cost-competitive; see Figure 7-4b and 
Appendix 7.B, Table 7.B-7 and Table 7.B-8). For these, we estimate current price 
ratios between 0.5 ± 0.1 and 5.4 ± 1.2 where half of the cases are between 1 and 2, 
and the other half larger than 2.5: 

• Based on information from manufacturers, the current price ratio is 1.0 ± 0.3 
for PTT compared to the substitute nylon 6. Its price ratio is 60% higher 
when compared to the average prices of the entire polymer mix which it 
could replace (Shen et al., 2010a). Similarly, the current price ratios for PHA 
are 3.5 ± 1.0 compared to high density polyethylene (HDPE) and 3.1 ± 0.8 
compared to the polymers mix it could replace respectively (Shen et al., 
2010a). For PTT and PHA, we estimate much smaller ratios of 0.5 ± 0.1 and 
1.1 ± 0.3 respectively based on the updated BREW model (compared to 
nylon 6 and HDPE respectively). 
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• Based on information from manufacturers of oleochemicals, the current price 
ratios are between 1.1 and 3.3. 

• According to the updated BREW model, both succinic acid and ethyl lactate 
are cost-effective and have product values which are similar to their 
petrochemical equivalents (1.1 ± 0.2 and 0.9 ± 0.2 respectively). In 
comparison, cellulosic films have much higher price ratios estimated at 3-5 
when compared to PET films.  

 
Our analysis shows that bio-based materials are currently clearly more 

expensive than their petrochemical equivalents. However, when replacing high-value 
petrochemicals (which typically represents current situation) bio-based materials are 
usually cost-competitive. The updated BREW model which takes a generic and 
harmonized approach to estimate the product values (based on production costs) 
yields lower price ratios for some materials (e.g., bio-ethylene, PTT, PLA) as 
compared to the sales price ratios (see Figure 7-4). This is also confirmed by the 
findings of the study by Hermann et al. (2010) who estimate product value ratios less 
than 1 for most BREW products for a crude oil price of USD 70 per barrel and a 
sugar price of USD 400 per tonne. This difference is an expected outcome for the 
early phase of production and commercialization and it indicates potentials to sell bio-
based materials at lower prices than today. 
 



Assessment of the technical and economic potentials of biomass use 
for the production of steam, chemicals and polymers 

 

272 

Commercialized, with large capacity

0

1

2

3

4

0 50 100 150 200 250

Cradle to factory gate CO2 emission savings (%)

Pr
ic

e 
ra

tio
 o

f c
he

m
ic

al
s:

bi
o-

ba
se

d 
ve

rs
us

 fo
ss

il 
fu

el
 b

as
ed

Bioethylene vs. ethylene (sugar cane) Bioethylene vs. ethylene (BREW) (corn/sugar cane)
BioPE vs. LDPE/HDPE (sugar cane) PLA vs. PET (corn/sugar cane)
PLA vs. PET (BREW) (corn/sugar cane) PLA vs. PS (BREW) (corn/sugar cane)
Starch polymers vs. polymer mix (wheat/potato/corn) Man-made cellulose fibers vs. PET fibre (wood)
PLA vs. polymer mix (corn/sugar cane) Starch polymers vs. LDPE (wheat/potato/corn)

a

Commercialized, small capacity or in development

0

1

2

3

4

5

0 50 100 150 200 250
Cradle to factory gate CO2 emission savings (%)

Pr
ic

e 
ra

tio
 o

f c
he

m
ic

al
s:

bi
o-

ba
se

d 
ve

rs
us

 fo
ss

il 
fu

el
 b

as
ed

PHA vs. polymer mix (corn) PHA vs. HDPE (BREW) (corn/sugar cane)
PTT vs. nylon 6 (corn) PTT vs. nylon 6 (BREW) (corn/sugar cane)
PTT vs. polymer mix (corn) Succinic acid vs. maleic anh. (BREW) (corn/sugar cane)
Cellulosic films vs. PET films (wood) Cellulosic films vs. polymer mix (wood)
Ethyl lactate vs. ethyl acetate (BREW) (corn/sugar cane) Oleochemicals 2 & 3 vs. interm./polymer (vegetable oil)
PHA vs. HDPE (corn) Oleochemical 1 vs. organic acid (vegetable oil)

b
5.3

 
Figure 7-4: Price ratios (2007-2011) and CO2 emission savings of bio-based materials. For 

materials studied with the updated BREW model, state-of-the-art corn and sugar 
cane routes are selected for a sugar price of USD 400 per tonne; all other data points 
are based on price data originating from companies or literature. Sources: see 
Appendix 7.B 
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While the discussion above refers to today’s sales prices for bio-based 
materials we now discuss their economics until 2030 according to the updated BREW 
model (see Figure 7-5). If sugar prices remain at the 2009 level (USD 400 per tonne), 
but if crude oil price increases from USD 75 to 115 per barrel in 2030 (IEA, 2010b), 
the product value ratios would either remain same or decrease by about 0.1-0.5 
compared to the current product value ratios (0.5-1.4)124 (second bars from left). 
Making the more realistic assumption that future fossil fuel and biomass prices are 
coupled, sugar prices may increase from today’s level of USD 400 to USD 600 per 
tonne by 2030 (ICE, 2011). In this case, the ratios by 2030 would be either equal or 
slightly lower than today (0.1-0.2) (third bars from left). Depending on the product, 
the effect of increasing sugar prices is partly compensated by future production 
technologies, thereby reducing the product value ratios by 0.1-0.5 compared to the 
level with high energy prices and current technology (fourth bar as compared to third 
bar). In 2030, some products (i.e., ethanol for chemical purposes, PTT and ethyl 
lactate) are more attractive compared to their petrochemical equivalents (<0.8), while 
others are expected to be less competitive. 
 

                                                 
124 Succinic acid is an exception since its product value ratio increases by 5% as compared to all other 
chemicals where the ratios decrease. This is explained by the decreasing product value of maleic 
anhydride (petrochemical substituted) in response to increasing crude oil prices as its production process 
is a large steam exporter. 
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Figure 7-5: Development of the product value ratios of selected products today and in 2030, 
assuming a crude oil price of USD 75 and 115 per barrel respectively. The assumed 
sugar prices (in USD/tonne) are given in brackets. PLA is compared to PET and 
PTT is compared to nylon 6. 

 
7.4.3 Technical and economic potentials of biomass use in the industry 

sector: 2030 and 2050 
According to the IEA’s (2009a) low (0-5% p.a. for various sectors in various regions) 
and high (0-8% p.a.) production growth projections and autonomous annual energy 
efficiency improvements (1.3 ± 0.4% p.a. between 2008-2050 based on Saygin et al. 
(2011a)), we estimate total global fossil fuel demand for steam production to reach 49-
56 EJ/yr by 2030 (excluding ~11 EJ of combustible renewables and other waste use 
in the pulp and paper sector) (see below, Table 7-5). A similar amount of biomass is 
required to meet this demand (technical potential) given the limited differences assumed 
in fuel conversion efficiencies of biomass and fossil fuel-based combustion 
technologies. Achieving the technical potentials would abate 3.5-4.0 gigatonnes (Gt) 
CO2 emissions in 2030 (Table 7-5).  
 

The economics of CO2 abatement by bio-based steam production is 
represented by the abatement cost curve depicted in Figure 7-6. Due to lack of insight 
into the shares of the various technologies the arithmetic mean of all technologies was 
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determined, albeit with a differentiation by world regions. About 25% of the total CO2 
emissions (indicated by the dark grey arrow) can be abated at costs below the CO2 tax 
(USD 40 per tonne CO2 in OECD countries). Another 0-15% of the total CO2 
emissions could be saved below USD 50 per tonne CO2 by expensive biomass sources 
such as energy crops. The remainder of the emissions (60-75%) could be avoided at a 
cost between USD 50 and 200 per tonne CO2. We estimate that up to 1.0 Gt CO2 
emissions could be cost-effectively abated by 2030 which would require about 13 EJ 
of primary biomass (Table 7-5). These results are based on the assumption that all 
biomass residues are used which represents 20-25% of the total biomass supply 
potential according to Taibi et al. (2012). Based on literature, we identify a wide range 
for biomass residue supply share between 9% and 62% with an average of 35 ± 16% 
(see Appendix 7.B). By combining this range with the estimates of Taibi et al. (2012), 
we estimate a wider range for economic potentials from 0.4 Gt (minimum) to 1.3 
(maximum) Gt CO2/yr, which is equivalent to 12-37% of the total technical potentials 
(a total of 5 to 22 EJ biomass demand) (indicated by the light grey arrow in Figure 
7-6). All steam demand of the food, textile, transport equipment, machinery, mining 
and quarrying and up to 85% of the demand in the pulp and paper and non-specified 
sectors can be provided by biomass. In comparison, biomass can provide only half of 
the total the chemical industry’s total demand, and a much lower share (<10%) in the 
basic metal and non-metallic minerals sectors. According to McLellan et al. (2012) 
other forms of biomass use (e.g., charcoal) and other renewable energy sources will 
offer further economic potentials for these sectors (e.g., in the form of hydrogen). 
 



Assessment of the technical and economic potentials of biomass use 
for the production of steam, chemicals and polymers 

 

276 

-150

-100

-50

0

50

100

150

200

0 1 2 3

C
O

2
ab

at
em

en
t 

co
st

s 
(U

SD
/t 

C
O

2)

Cumulative abated CO2 emissions (Gt CO2/yr)

Boiler technology 1 Boiler technology 2
CHP 1 CHP 2
AVERAGE of 4 technologies

Energy cropsResidues

1-3-R

4-7-R

1-2-C

8-R

3-5-C

6-C

7-C

8-C

1-R: South Africa
2-R: Rest of  the world
3-R: OECD
4-R: India
5-R: South East Asia
6-R: EIT
7-R: Brazil
8-R: China

1-C: South Africa
2-C: Brazil
3-C: Rest of  the World
4-C: South East Asia
5-C: India
6-C: EIT
7-C: OECD
8-C: China

25%

12-37%

 
Figure 7-6: Estimated CO2 abatement cost curve for bio-based steam production, 2030 (for low 

production growth scenario of IEA (2009a)) 
 

Global synthetic organic materials production will grow from the current level 
of approximately 350 Mt/yr to between 500 and 570 Mt/yr by 2030 (IEA, 2009a). A 
total of 37-41 EJ of primary biomass will be required by 2030 to reach the technical 
potential bio-based materials production (Table 7-5). According to the CO2 emission 
saving potentials of the 12 materials presented in Figure 7-4 based on literature review 
(see Appendix 7.B for detailed results) 40-140% in most cases of the CO2 emissions 
associated with the petrochemical equivalents can be saved (crediting the sequestered 
bio-based carbon). Higher savings are possible depending on the product, feedstock 
type and technology performance. These savings translate to an average of 2.5 ± 1.6 t 
CO2/t material for all chemicals analyzed (from as low as -1.8 (i.e., no savings) 
(minimum) to as high as 5.3 tonnes of CO2 saved per tonne for various materials) 
(maximum) which confirms the findings of the study by Weiss et al. (2012) who 
determine a saving potential of 3 ± 1 t CO2 eq. relative to conventional materials. For 
example, bio-based ethylene offers CO2 savings between 1.9 (minimum) and 5.3 
(maximum) tonnes depending on the type of feedstock (e.g., sugar cane, corn) with an 
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average of 3.7 ± 1.4 t CO2 per tonne. Similarly, various bio-based polymers offer 
savings between 0.2 to 4.5 tonnes CO2 per tonne of product with an average 2.3 ± 1.5 
t CO2/t polymer. For further analysis we select the 7 most important bio-based 
polymers according to Shen et al. (2010a) which can replace 50% of the total 
petrochemical polymers and fibre consumption worldwide. Based on these seven 
polymers shown in Table 7-4, we estimate a technical CO2 emission reduction potential 
of 0.3-0.7 Gt CO2 in 2030. Assuming the same emission reduction potential for the 
remainder of the organic materials production, this leads to a technical reduction 
potential of up to 1.4 Gt CO2/yr. 
 

We estimate the total economic potential of bio-based materials production at 
120 ± 30 Mt/yr by 2030. The full range from BaU to OT scenarios covers production 
volumes of 40 (minimum) to 210 (maximum) Mt/yr. Bio-PE, PLA and PHA 
production are expected to have the largest potentials based on their current sales 
price ratios and their high baseline production growth estimates (see earlier Table 7-1 
in Section 7.3). In comparison, cellulosic films and PTT production may hardly go 
beyond the baseline projections given their high price ratios. We estimate a total 
economic CO2 emission saving potential of approximately ~0.4 Gt CO2/yr worldwide 
based on a weighted average CO2 saving potential of 2.8 ± 0.9 t CO2/t material (Table 
7-5). This is equivalent to about 25% (7% to 37% covering the BaU and OT scenario 
developments) of the total global emission reduction potentials achievable if all 
synthetic organic materials were to be produced from biomass. Achieving the economic 
potentials would require about ~10 EJ biomass in 2030 (2 to 12 EJ) (Table 7-5).  
 

In comparison to steam, estimating CO2 abatement costs for bio-based 
materials is more difficult as the value chain of the end products is longer and the 
structure of the economic data available is complex since it is not limited to the 
production costs only, but includes other parameters (e.g., price premiums). We 
nevertheless provide indicative estimates based on available data in Table 7-3 which 
shows that it would be more expensive to abate CO2 emissions by bio-based materials 
as opposed to bio-based steam (between USD -150 to 150 per tonne CO2). However, 
our analysis shows that there are also some profitable areas for bio-based materials. 
Moreover, the comparison refers to polymers in primary forms, while the end 
application and waste management also contribute to the life cycle costs. Since other 
forces beyond simple economic indicators drive the deployment of materials 
production from biomass (especially strategic considerations) future policy discussions 
should consider aspects apart from abatement costs. 
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Table 7-3: CO2 abatement cost estimates for bio-based materials, 2009. All values are expressed 
in USD per tonne of CO2 abated 

  

Petrochem. 
counterpart 

Literature, manufacturers 

Updated BREW model 
(current/future technology 
and sugar price USD 400 
per tonne) 

Low High Low High 
Bio ethylene Ethylene 65 140 125–175  250–400 

BioPE LDPE & 
HDPE 95 150 - - 

PHA HDPE >1,000 >1,000 30–60 120–160 
Polymer mix >1,000 - - - 

PTT Nylon 6 0 - ~-550 ~-480 
Polymer mix >980 >2,000 - - 

PLA PET -295–480 -160–290 -110– -80 ~0 
Polymer mix -265–360 -155–245 - - 

Starch 
polymers 

LDPE 380 >1,000 - - 
Polymer mix 650   - - 

Cellulosic films PET films >1,000 >1,000 - - 
Polymer mix >1,000 >1,000 - - 
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Table 7-4: Economic potentials of bio-based materials production and the total CO2 emission savings in 2007 and by 2030 worldwide and in OECD and 
non-OECD countries. Note: Total of seven polymers could technically replace half of the total polymers production in 2007 (Shen et al. 
2010a; PEMRG, 2011) 

  

Current sales 
price ratio 
(compared to 
polymer mix) 

CO2 
emission 
savings 

Bio-based 
production 
(2007) 

Petrochem. 
based 
production 
(2007) 

Petrochemical based 
production (2030) 

Total CO2 emission 
saving potential 
(2030) 

Economic bio-
based 
production 
(2030)1 

Total economic 
CO2 emission 
saving potential 
(2030) 

Global Global OECD non-
OECD OECD non-

OECD Global 

(-) (t CO2/t) (kilotonnes 
(kt) / yr) (Mt/yr) (Mt/yr) (Mt/yr) (Mt CO2 

/ yr) 
(Mt CO2 

/ yr) (Mt/yr) (Mt CO2/yr) 

Bio ethylene 1.2–1.7 1.9–5.3 375 115  56–58  100–225 106–308 237–787 90 (2-90) 109–345 
End-products2 
BioPE 1.3 2.4–4.2 200 46 22 49–59 52–96 116–244 25 (2-25) 54–107 
BioPET - 1.9–2.5 0 5 3 6–7 5–7 11–17 0.01 (0-3) 0.002 
PHA 1.1–3.1 1.4–4.0 80 27 13 29–35 17–53 39–134 6 (3-26) 7–23 
PTT 0.5–1.5 1.1–1.9 10 7 3–4 8–9 2–6 4–16 0.01 (0-4) 0.001 
PLA 0.9–2.0 1.2–2.1 229 12 6 13–15 6–11 13–29 7 (3-10) 7–14 
Starch 
polymers 1.5–3.9 1.7–3.6 153 11 5 11–15 9–19 20–49 7 (6-7) 12-24 

Cellulosic 
films 2.0–3.9 0–1.9 10 11 5–6 12–24 0–10 0–25 0.1 (0.1-7) 0-0.1 

Total of selected polymers 118 57–59 130–150 90–210 202–514 43 (15-82) 79–169 

Total of polymers 240 115–120 260–310 184–409 410–
1,044 88 (31-168) 161–342 

Total of synthetic organic materials 320 155–160 345–410 245–545 547–
1,392 120 (40-225) 215–457 

1 In brackets we provide the full range of bio-based materials production. 
2 All polymers are 100% bio-based with the exception of PTT and starch polymers; PTT is partly produced from petrochemical terephthalic acid and starch 
polymers typically contain petrochemical polyvinyl alcohol, polycaprolacton or another petrochemical compound. 
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For industry, we estimate an economic potential of 22-25 EJ of biomass use as 
fuel and as feedstock in 2030 (7-34 EJ covering the BaU and OT scenario 
developments) (see Table 7-5). The economic potential is equivalent to an abatement 
of ~1.3 Gt CO2 emissions. We estimate an economic potential of 38-45 EJ of biomass 
use for the industry sector in 2050 by extrapolating the estimated developments 
between today and 2030 (22 to 60 EJ covering the BaU and OT scenario 
developments). Reaching these potentials would save 2.0-2.4 Gt CO2/yr in 2050 
which is equivalent to a 37% reduction compared to no use of biomass. Economic 
potentials of biomass use for feedstock applications (i.e., ~18 EJ with a range from 6 
to 30 EJ) is nearly as high as for steam (i.e., ~24 EJ with a range from 16 to 31 EJ) 
which show the importance of substituting fossil fuel-based feedstocks. About 85% of 
the total global biomass demand is projected to be located in non-OECD countries 
(~19 EJ in 2030 and ~32 EJ in 2050) with OECD countries accounting for the 
remainder 15-20% (~5 EJ in 2030 and ~7 EJ in 2050) (Figure 7-7). China, African 
and South American countries are therefore projected to require about three-quarters 
of the total biomass demand for steam and materials production.  
 
Table 7-5: Technical and economic potentials of biomass use in the industry, CO2 emission 

reduction potentials and the related demand for biomass and land in 2030 and 2050. 
Note: potentials exclude the use of renewables and waste for the pulp and paper (11 
EJ and 13 EJ by 2030 and 2050 respectively) 

 

Technical potential 
(with autonomous 

improvements) 

Economic potential (with 
energy efficiency) 

2030 2050 2030 2050 
Biomass demand (EJ/yr) 
  Feedstock 37–41 48–54 9–10 17–19 
  Fuel 49–56 55–66 13–14 21–26 
  Total 85–97 103–121 22–25 38–45 
CO2 emission reductions (Gt CO2/yr) 
  Feedstock 1.3–1.4 1.7–1.9 0.2–0.4 0.6–0.7 
  Fuel 3.5–4.0 3.7–4.4 0.9–1.0 1.4–1.7 
  Total 4.7–5.4 5.4–6.3 1.2–1.4 2.0–2.4 

 



281 Chapter 7 
 

 

0

15

30

45

60

75

Fe
ed

st
oc

k

Fu
el

Te
ch

ni
ca

l

E
co

no
m

ic

Te
ch

ni
ca

l

E
co

no
m

ic

Te
ch

ni
ca

l

E
co

no
m

ic

Te
ch

ni
ca

l

E
co

no
m

ic

Feedstock Fuel Feedstock Fuel

Current 2030 2050

To
ta

l b
io

m
as

s 
de

m
an

d 
(E

J/
yr

)

OECD countries South Africa
Brazil ASEAN countries & Taiwan
China India
Russia & Ukraine Rest of the World

 
Figure 7-7: Total biomass demand for feedstock and fuel purposes by regions/selected 

countries, 2030 and 2050. Bars represent the average of the low and high production 
growth scenarios. Note: potentials exclude the use of combustible renewables and 
waste. 

 
7.4.4 Comparison of the CO2 emission savings performance of biomass use as 

fuel and feedstock 
According to Table 7-5, the use of 1 GJ of biomass is related to an average abatement 
of 0.069 ± 0.005 t CO2 if used for the purpose of generating steam (full range 
indicated by the bandwidth from 0.066 to 0.079 depending on the regional fuel mix 
and the industry structure). We estimate a factor 2-2.5 lower CO2 emission savings per 
GJ of biomass for the weighted average of bio-based materials which replace the 
current mix of all petrochemical plastics (0.030 ± 0.018 t CO2/GJ). For the average of 
current and future technologies, the savings are estimated to be as low as 0.017 ± 
0.017 t CO2/GJ for cellulosic films and as high as 0.044 ± 0.019 t CO2/GJ for starch 
polymers. These values are determined by: (i) land use efficiency of the bio-based 
material (i.e., GJ biomass required per tonne of material as a function of crop type, 



Assessment of the technical and economic potentials of biomass use 
for the production of steam, chemicals and polymers 

 

282 

biomass yield and the chemical structure of the polymer), and (ii) CO2 emissions 
savings by the bio-based material compared to the reference product chosen (t CO2 
saved per tonne of end-product). This comparison shows that biomass use as 
feedstock may be less attractive from a land use point of view. 
 

However, there are substantial differences across the various types of bio-
based polymers, with starch polymers offering clearly larger savings than PLA, 
followed by other bio-based materials (see Figure 7-8).  The solid line (horizontal) in 
Figure 7-8 represents the savings compared to the entire substituted polymer mix 
(based on Shen et al. (2010a)), with solid error bars (vertical) representing different 
grades of a given type of bio-based polymer and/or different production processes. 
  

More importantly, the dashed error bars (vertical) in Figure 7-8 represent the 
saving potentials when comparing bio-based materials to individual substituted 
petrochemical polymers. Substituting fossil fuel based polyamide, polymethyl 
methacrylate and polycarbonate by PLA, BioPTT, starch polymers or PHA offers 
CO2 emission reductions above 0.1 t CO2/GJ biomass, which is the upper level of 
CO2 savings by bio-based steam (represented by the upper dashed horizontal line in 
Figure 7-8). This shows that very attractive options do exist which, however, require 
dedicated R&D. In addition, instead of using bio-based PE and bio-based PET to 
replace petrochemical PE and PET respectively other polymers fulfilling the same 
functions may offer larger CO2 savings per GJ of biomass (not shown in Figure 7-8). 
This is in line with the findings of Bos et al. (2012) who conclude that PLA should be 
preferred over bio-based PE on the basis of land use efficiency. This is a critical 
finding given the increasing pressure on land resources.  
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Figure 7-8: CO2 emission savings of seven polymers as a function of the cumulative production 

of polymers they can substitute. Black and grey error bars show the highest and 
lowest savings achievable by different grades of a given type of bio-based polymer 
and/or different production processes compared to the polymer mix and individual 
petrochemical polymers respectively. Dashed horizontal lines indicate the low and 
high end of the savings that can be achieved by producing bio-based steam 

 
7.5 Discussion 
We begin by discussing the economic potentials of biomass use in 2050 and 
comparing them to biomass supply potentials. Next, we discuss the technology and 
policy needs to accelerate industrial biomass use based on the results of the sensitivity 
analysis. Finally, we discuss the main uncertainties related to our data and the 
methodology and we identify topics for further research. 
 
7.5.1 Discussion of results and comparison of the potentials to the sustainable 

biomass supply in 2050 
Earlier studies estimated total economic potentials of up to 40 EJ for biomass use in 
the industry sector by 2050 (or ~15% of the total industrial energy use; IEA, 2009a; 
Taibi et al., 2012). Our findings (38-45 EJ) compare well with these potentials. The 
required biomass demand from the industry sector (and the rest of the economy) 
could be supplied in three forms: dedicated energy crops, agricultural residues and 
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waste (incl. animal manure, municipal waste), and forestry residues. Energy crops are 
expected to supply at least two-thirds of the total demand (see Section 7.4). Demand 
will be covered by domestic production and by imports particularly in regions where 
domestic production is limited (e.g., South East Asia). The location of the plants and 
their access to biomass supply will be crucial to realize these potentials. According to 
our estimates, total biomass demand for industry in selected EIT countries (~2 EJ) is 
15-25% of the total biomass energy crop and residue supply potentials in 2050 (8-14 
EJ). Demand for the industry sector in China, India and other developing Asia can 
reach up to 19 EJ which is roughly half of the region’s total supply potential (both 
comparison based on the supply potentials according to Hoogwijk and Graus (2008) 
and van Vuuren et al. (2009)). Besides the industry sector, transport, power and 
residential (incl. service) sectors also aim for increased use of renewable energy, in 
particular for biomass. As a result, regions may depend more on biomass imports. We 
reviewed 17 studies according to which the worldwide biomass supply potentials 
range from 75 EJ/yr to as high as 1,500 EJ/yr in 2050 (see black and white filled 
squares in Figure 7-9). However, more recent supply estimates narrow the bandwidth 
down to between 75 and 215 EJ of biomass by 2050 (see filled squares and vertical 
lines in Figure 7-9) due to constraints on resource availability and other uncertainties 
in the development of food, feed and water demand (see also Creutzig et al. (2012)). 
We regard this range as the sustainable biomass supply potentials for this study. 
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Figure 7-9: Literature review of biomass supply potentials, 2050. (rev) refers to the range taken 

from review studies 
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Economic potential of biomass use in industry (49-58 EJ, including the 
demand from the pulp and paper sector), would require 25-65% of the total global 
sustainable biomass supply potential in 2050. Meeting the economic potentials of 
biomass use in industry would be sufficient to substitute a quarter of the sector’s total 
fossil fuel demand (140-160 EJ). The remainder of the fossil fuel demand (100-115 
EJ) and the related industrial CO2 emissions would need to be reduced by other 
measures, e.g., (i) improved energy and material efficiency, (ii) post-consumer plastic 
recycling, and (iii) CCS. These measures together with the economic potentials of 
biomass use can reduce total industrial fossil fuel energy demand and the CO2 
emissions by more than half compared to the autonomous improvements (35-40% of 
the potentials from biomass and 60-65% from other measures) (see Appendix 7.B, 
Figure 7.B-1). Our assessment shows that biomass can play a crucial role for industry 
in case of ambitious climate policies. At the same time, the discussion in Sections 7.4-
7.5 points to three major barriers which will limit the implementation of biomass use 
in the industry sector: (i) access to biomass supply and limited potentials for domestic 
production, (ii) competition for sustainable biomass supply from other sectors, and 
(iii) the comparatively high cost of biomass use in many applications. In view of these 
barriers, biomass needs to be used effectively in applications which are cost-effective 
and where CO2 emission reductions per GJ of biomass can be maximized.  
 
7.5.2 Sensitivity analysis of the results and further outlook to technology 

development and policy needs 
Figure 7-10 shows the sensitivities of the NPV to the changes in selected production 
cost factors for the case of steam boilers. The results highlight that low-cost biomass 
prices and high fossil fuel prices are pre-requisites for cost-competitive bio-based 
steam production (see also Section 7.4.1). High fossil fuel prices alone may not be 
sufficient to make expensive sources of biomass competitive (NPV<0 worldwide 
except for few regions); and at low fossil fuel prices low-cost sources of biomass may 
lose their cost advantage to a large extent (NPV<5 million USD). In view of the 
uncertainties in the development of future energy prices, investors may consider 
higher discount rates than we used in this analysis to minimize the associated risks. If 
we increase the discount rates from the default values of 10-15% for various regions 
to 20% worldwide, we see a decrease in the NPV of bio-based steam by 12 million 
USD (from 33 to 21 million USD), but steam production from cheap biomass sources 
still remains an attractive option. Technological learning resulting in minor reductions 
in capital costs of boilers (applies particularly to medium temperature steam 
applications which require relatively expensive equipment; EPA (2007)) as well lower 
operation and maintenance costs (expressed as share of other production costs in 
Figure 7-10) and improvements in boiler efficiencies could contribute to increased 
cost-effectiveness of bio-based steam production. Lack of detailed data limits the 
possibilities of sensitivity analyses for bio-based materials; however, our earlier 
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findings in Figure 7-5 show that feedstock costs (i.e., sugar prices) as well as the 
technology employed (i.e., current state-of-the-art technologies or future technologies) 
play a major role for the cost-effectiveness of bio-based materials. 
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Figure 7-10: Sensitivities of the NPVs of biomass-fired steam boilers to the changes in selected 
steam production cost factors (in %) expressed in million USD for low and high 
biomass prices, 2030; assuming 20 MWth steam production capacity and an annual 
operation rate of 7,500 hours. Note: In both figures, the directions of the changes in 
NPV values are identical for all the factors tested with the exception of discount 
rates. In the right figure, NPV improves when discount rates are increased which is 
explained by the fact that steam production from biomass energy crops is anyway 
not economically viable and higher discount rates reduce the losses 

 
Given the uncertain energy and feedstock prices, carefully crafted policies will 

be required to ensure a level playing field among the various uses of biomass (e.g., 
Verbruggen et al., 2010; Carus et al., 2011). For example, taxing CO2 emissions up to 
USD 100 per tonne CO2 by 2030 (IEA, 2010b) would already double the economic 
potentials of steam production (based on CO2 abatement costs) and would reduce the 
price ratios of bio-based materials by 5-15% (see Appendix 7.B). Other fiscal 
instruments (e.g., price premiums in the short-term, subsidies; Carus et al., 2011; 
Runneboom, 2011) can help bio-based materials to secure increased market share. 
With increasing cost-competitiveness of biomass use, demand will grow from the 
industry sector as well as from other sectors. In view of the limited supply potentials, 
resource effective biomass applications will be required (e.g., Bos et al., 2012). In the 
case of steam production, available biomass should be allocated primarily to medium 
temperature applications and less to provide low temperature steam production for 
which other renewable alternatives exist (e.g., heat pumps, solar thermal; Taibi et al., 
2012). Since a carbon source will always be required for materials production, a higher 
share of biomass can be allocated for feedstock use. Our analysis showed that the 
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related potentials are as high as the potentials for steam production and that switching 
to biomass feedstocks is therefore equally important. However, given poor land use 
efficiency in some applications (see Section 7.4.4), policies need to steer the industry 
to develop more resource efficient and environmentally friendly materials for bulk 
applications. In certain markets, bio-based materials outpace their conventional 
counterparts already today (see Figure 7-8). Since the development and 
commercialization of more resource-efficient materials may require a relatively long 
period of time, other materials such as bio-based ethylene and polyolefins (e.g., bio-
PE based on bio-ethanol) may gain large market shares, in particular since they can be 
implemented as drop-in solutions in the existing infrastructure. Policies therefore need 
to define sustainability criteria and provide clear guidance to the business and 
consumers. Policies will also need to minimize the environmental effects over the 
entire life cycle of products by accounting for the use phase and end-of-life stage of 
the bio-based materials (e.g., Hermann et al., 2011). In view of the longer value chain 
of bio-based materials, there are larger innovation potentials for cost reductions and 
technological improvements. In comparison, bio-based steam will largely depend on 
the development of the differences in energy prices given the already mature steam 
production technologies. 
 
7.5.3 Further discussion on data and methodology and recommendations for 

future research 
The reliability of our results depends on the quality of the data and the applied 
methodology. We regard our findings plausible since we are able to validate our 
findings to a sufficient extent with the results of other studies; however, the findings 
of this study are still subject to uncertainties and our methodology could be improved. 
Further analysis would be required on the following topics: 

• Future opportunities of biomass use will be determined by energy prices. A 
bottom-up analysis of biomass prices is essential, in particular to underpin our 
assumption of estimating the biomass prices (i.e., delivered cost of biomass) 
based on the biomass production costs. 

• We only analyzed the potentials of two steam production technologies. 
However, extending the analysis to cover other systems such as co-firing and 
multi-output systems (e.g., materials, energy production) such as bio-refineries 
and (polygeneration) gasification facilities would provide better insight into 
the potentials, also for high temperature process heat. 

• The system boundary of our analysis is defined as cradle-to-factory gate and it 
focuses on the CO2 emissions only. However, our methodology can be 
extended to cover: (i) non-CO2 GHGs (e.g., N2O emissions from biomass 
cultivation), (ii) emissions related to iLUC by reflecting all changes in the 
carbon stored in ecosystems, and (iii) end-of-life waste treatment of materials, 
since they can have important implications for the findings of our study. 
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• Given the limited potentials of biomass supply, a bottom-up analysis of 
biomass supply and allocation of its use is required by accounting for the 
competition of biomass with other sectors, potentials of international biomass 
trade and accessibility to biomass for large industrial plants, 

• Economic potentials of 2050 include uncertainties since they are based on 
extrapolation. With improved data (e.g., energy prices) and more analysis (e.g., 
bottom-up production cost analysis of bio-based materials and integrated 
modeling) these findings can be improved. 

 
7.6 Conclusions 
In this chapter, we presented the cost-effectiveness of biomass use for the industry 
sector and quantified its potentials until 2030 and 2050. Our analysis shows that by 
2030, cost-effective opportunities for biomass use amount to ~23 EJ of biomass (25% 
of the technical potential). Economic potentials can increase to 38-45 EJ by 2050 and 
this can supply 25% of the total final industrial energy use. Realizing the long term 
opportunities will depend on the development of the biomass and fossil fuel prices, as 
well as policies. Given the sustainability concerns and the constraints on resource use, 
the availability of sustainable biomass is too limited to meet the potential demand 
from all sectors of the global economy. In terms of resource efficiency (tested for CO2 
emission savings by GJ of biomass), some bio-based materials score clearly worse than 
bio-based steam while others score clearly better (by a factor of 2). During the 
development and commercialization of bio-based heat and materials, policies need to 
provide guidance to business and consumers.  
 

The findings of this study along with other studies could serve as a starting 
point to set targets for biomass use by application area. Realizing these targets will 
require integrated policies on energy, material, agriculture (food, feed) and resource 
use and international collaboration across the industry, energy and transportation 
sectors. For the industry sector, these policies need to trigger continuous innovation 
to develop improved bio-based alternatives, to ensure their cost-competitiveness and 
to develop and implement new technologies beyond biomass use in order to achieve 
ambitious CO2 emission reductions. Regional roadmaps can provide guidance for a 
transition to a bio-based industry by outlining the deployment and emission reduction 
targets over time, required technologies, supply potentials as well as the finance and 
specific policy needs. This chapter makes an important step forward to contribute to 
the development of such a roadmap. 
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Appendix 7.A Methodology of the economic analysis of using biomass for 
steam and materials production 

We estimate the levelized cost of steam production (both for fossil fuel and biomass 
fired boilers/CHPs), net present value (relative to fossil fuel boilers) and abatement 
costs of CO2 emissions (relative to fossil fuel boilers) of bio-based steam production 
according to Equations 7.A-1 to 7.A-3 respectively.  
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  Equation [7.A-3] 

 
where LCOSi,t,c is the levelized cost of steam production (in USD/GJth), NPVi,t,c is the 
net present value (million USD per biomass technology), COEi,t,c is the cost of abating 
CO2 (in USD/t CO2) of biomass technology i in year t in country c, α is the annuity 
factor in years-1 (estimated as rc/(1-(1+rc)-L, rc is the discount rate in country c (in %) 
and L is the economic lifetime (in years)), Ii,t is the initial investment cost of biomass 
technology i in year t (in million USD), ΔIi,t is the additional initial investment cost of 
biomass technology i in year t compared to the fossil fuel boiler (in million USD), Rc is 
the regional investment cost correction factor of region c (unitless), UEi,t and UEf,t are 
the annual steam production in PJ/yr of biomass and fossil fuel technologies i and f in 
year t respectively (estimated as C*OR*(1-OC), C is the total production capacity (in 
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MWth), OR is the total annual hours of operation (in hours) and OC is the own 
consumption (in %)), ηi,t,c and ηf,t,c are the total fuel conversion efficiencies of biomass 
and fossil fuel technologies i and f in year t in country c respectively (in %), Fi,c and Ff,c 
are the average biomass and fossil fuel prices in region c respectively (in USD/GJ), Oi,t 
and Of,t are total other costs of biomass and fossil fuel technologies i and f in year t 
respectively (in million USD/yr), EFf,t,c and EFi,t,c are the total annual cradle-to-factory 
fate CO2 emissions from fossil fuel and biomass-based steam generation technologies 
f and i in year t and in country c respectively (in Mt CO2/yr) and T is the CO2 price (in 
USD/t CO2). 
 

Equation 7.A-4 presents the formula to estimate the abatement costs of CO2 
emissions by bio-based materials where COEm,t is the cost of abating CO2 (in USD/t 
CO2) for material m in year t, Ci,t and Cf,t are the economic indicators (production cost, 
sales price or product value) of material m in year t from if produced from fossil fuel 
and biomass sources respectively (in USD per functional unit) and Ei,t and Ef,t are the 
total cradle to factory gate CO2 emissions of material m in year t from fossil fuel and 
biomass sources respectively (in tonnes CO2 per functional unit). 
 

ti,Etf,E

tf,Cti,C
tm,COE

−

−
=       Equation [7.A-4] 
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Appendix 7.B Background data and detailed results 
Table 7.B-1: Assumed fuel conversion efficiencies of steam production technologies (all data expressed in %) 

  OECD South 
Africa 

South 
America 

South 
East Asia China India EIT ROW References 

2009          
Biomass boiler 1 80 75 75 75 80 80 75 70 Fritzson and Berntsson (2006); IEA (2007) 
Biomass boiler 2 80 75 75 75 80 80 75 70 Fritzson and Berntsson (2006); IEA (2007) 

Biomass CHP 1 83 77 77 77 83 83 77 72 
Obernberger and Thek (2004); FORCE 
Technology (2006a,b); IEA (2008); own 

estimations 

Biomass CHP 2 85 80 80 80 85 85 80 74 
Obernberger and Thek (2004); FORCE 
Technology (2006a,b); IEA (2008); own 

estimations 

Coal boiler 80 75 75 75 80 80 75 70 Einstein et al. (2001); Fritzson and 
Berntsson (2006); own estimations 

Petroleum 
products boiler 85 80 80 80 85 85 80 74 Einstein et al. (2001); Fritzson and 

Berntsson (2006); own estimations 

Natural gas boiler 90 84 84 84 90 90 84 79 Einstein et al. (2001); Fritzson and 
Berntsson (2006); own estimations 

2030 (%) (%) (%) (%) (%) (%) (%) (%)   
Biomass boiler 1 82 77 77 77 82 82 77 71 IEA (2007); own estimations 
Biomass boiler 2 82 77 77 77 82 82 77 71 IEA (2007); own estimations 
Biomass CHP 1 84 79 79 79 84 84 79 74 IEA (2007); own estimations 
Biomass CHP 2 87 81 81 81 87 87 81 76 IEA (2007); own estimations 
Coal boiler 82 77 77 77 82 82 77 71 IEA (2007); own estimations 
Petroleum 
products boiler 87 81 81 81 87 87 81 76 IEA (2007); own estimations 

Natural gas boiler 92 86 86 86 92 92 86 80 IEA (2007); own estimations 

Range for 
uncertainty analysis 15 15 15 15 15 15 15 15 

Einstein et al. (2001); Fritzson and 
Berntsson (2006); FORCE Technology 

(2006b); own estimations 
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Table 7.B-2: Technology types, steam generation capacity and initial investment costs of steam and electricity generation technologies 

Fuel type Technology 
Capacity 

Initial 
investment 

costs1 

Ranges used for 
the uncertainty 

analysis References 

(MWth) (USD/kWth) (%) 

Coal Steam boiler 20 410 25 Azar et al. (2003); Börjesson and Ahlgren 
(2010); Laurijssen et al. (2012) 

Petroleum products Steam boiler 20 350 25 Azar et al. (2003); Börjesson and Ahlgren 
(2010); Laurijssen et al. (2012) 

Natural gas Steam boiler 20 205 25 Azar et al. (2003); Börjesson and Ahlgren 
(2010); Laurijssen et al. (2012) 

Biomass Grate furnace boiler 
(small industry) 1 915 25 IEA (2007,2008,2012); Laurijssen et al. 

(2012) 

Biomass Grate furnace boiler 
(large industry) 5 810 25 IEA (2007,2008,2012); Laurijssen et al. 

(2012) 

Biomass Grate furnace / steam 
turbine CHP2 18 1,430 25 Obernberger and Thek (2004); Börjesson 

and Ahlgren (2010) 

Biomass (Bubbling) fluidized 
bed CHP2 96 850 25 FORCE Technology (2006b) 

1 Initial investment costs include total of equipment and installation costs, engineering fees, contingencies, owner costs and interested during construction. 
2 Initital investment costs are expressed as USD/kWth+e. 

 
Table 7.B-3: Regional investment cost correction factors and the discount rates 

  
OECD South 

Africa 
South 
America 

South 
East Asia China India EIT ROW References 

2009 & 2030 (-) (-) (-) (-) (-) (-) (-) (-)  

Regional multipliers (R) 1.25 1.1 1.1 0.85 1 1 1.1 0.85 Gielen (2003) 
2009 & 2030 (%) (%) (%) (%) (%) (%) (%) (%)  

Discount rates (r) 11 15 13 12 11 15 13 15 Gielen (2003) 
Ranges used for the uncertainty 
analysis (for discount rates only) 20 20 20 20 20 20 20 20 Assumption 
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Table 7.B-4: Assumed end-user energy prices (excluding tax) (all data expressed in USD/GJ) 

  

OECD South 
Africa 

South 
America 

South 
East 
Asia 

China India EIT ROW References 

Ranges used 
for the 
uncertainty 
analysis (%) 

References 

2009            
Coal1 3 1 2 3 2 2 2 2 EIA (2010a) 50 EIA (2010a) 

Oil2 12 12 12 12 12 12 12 12 IEA 
(2009b;2010b;2011) 14 EIA (2012) 

Petroleum 
products3 15 15 15 15 15 15 15 15 Own estimates 14 EIA (2012) 

Natural gas4 9 9 5 7 8 5 2 6 EIA (2011) 22 EIA (2012) 
Biomass6                       
Residues 2 1 2 1 2 1 1 2 de Wit and Faaij (2010); 

Taibi et al. (2012); own 
assumptions 

70 FAOSTAT 
(2012a) Energy crops 14 10 9 11 16 11 12 12 70 

2030                       

Coal1 3 1 3 3 2 2 2 2 
IEA 

(2009b;2010b;2011) 50 EIA (2010a) 

Oil2 18 18 18 18 18 18 18 18 
IEA 

(2009b;2010b;2011) 14 EIA (2012) 

Petroleum 
products3 22 22 22 22 22 22 22 22 

IEA 
(2009b;2010b;2011) 14 EIA (2012) 

Natural gas4 13 14 7 11 12 7 3 10 
IEA 

(2009b;2010b;2011) 22 EIA (2012) 

Biomass6                       
Residues 6 4 6 4 5 4 4 5 de Wit and Faaij (2010); 

Taibi et al. (2012); own 
assumptions 

70 FAOSTAT 
(2012a) Energy crops 22 15 12 16 22 16 16 17 70 
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1 Ranges for the uncertainty analysis are determined based on the standard deviation of the average coal prices for a total of 17 countries. We analyze each year 
individually for the timeframe between 2001 and 2009. 
2,3 Ranges for the uncertainty analysis are determined based on the standard deviations of the European Brent Sport and Cushing, OK WTI crude oil spot prices. 
We analyze each year individually (daily prices) for the timeframe between 2000 and 2011. 
4 Ranges for the uncertainty analysis are determined based on the standard deviation of the Henry Hub Gulf Coast natural gas spot prices. We analyze each year 
individually (daily prices) for the timeframe between 2000 and 2011. 
5 Ranges for the uncertainty analysis are determined based on the standard deviation of sugar cane and maize prices for a total of 110 countries. We analyze each 
year individually for the timeframe between 2000 and 2011. 
6 Biomass prices (delivered cost of biomass) in 2009 are estimated by multiplying the biomass production costs provided in literature (i.e., harvesting costs) by a 
factor of 1.2-1.5. This factor is estimated by comparing the delivering and harvesting costs of various biomass sources in various countries according to the 
literature review by Gerssen-Gondelach et al. This factor is assumed to increase to between 1.5 and 2.5 for various regions in 2030 as we expect that biomass will 
gain additional market value.  

 
Table 7.B-5: Estimated levelized production costs of steam (all data expressed in USD/GJth) 

  OECD South 
Africa 

South 
America 

South 
East Asia China India EIT ROW 

2009         
Coal boiler 7 4 6 6 5 4 5 5 
Petroleum products boiler 22 24 23 23 22 22 23 25 
Natural gas boiler 12 14 8 11 11 7 4 10 
Biomass boiler 1 8–25 7–21 8–18 6–20 7–26 7–20 7–22 7–23 
Biomass boiler 2 8–25 7–21 7–18 5–20 6–27 7–20 7–22 7–23 
Biomass CHP 1 8–18 7–15 8–14 5–12 7–20 7–15 8–17 6–15 
Biomass CHP 2 5–15 5–12 5–11 3–10 5–17 5–12 5–14 4–12 

2030                 
Coal boiler 7 4 6 6 5 5 5 6 
Petroleum products boiler 31 33 33 32 31 31 33 35 
Natural gas boiler 17 20 11 16 15 10 6 15 
Biomass boiler 1 13–36 11–28 13–24 10–28 11–36 11–28 11–30 12–32 
Biomass boiler 2 12–36 10–28 13–23 10–28 11–36 10–27 11–29 11–32 
Biomass CHP 1 11–24 9–19 11–17 7–16 10–26 9–19 10–21 9–19 
Biomass CHP 2 8–21 7–16 8–14 5–14 7–23 7–16 7–18 6–17 
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Table 7.B-6: Net present value estimates of steam production (all data expressed in million USD) 

  OECD South 
Africa 

South 
America 

South 
East Asia China India EIT ROW 

2009         
Biomass boiler 1 35 - -34 26 - -26 31 - -30 32 - -31 33 - -32 27 - -27 30 - -29 27 - -27 
Biomass boiler 2 32 - -41 30 - -15 24 - -15 31 - -26 15 - -70 26 - -20 24 - -36 33 - -23 
Biomass CHP 1 32 - -10 28 - 5 23 - 0 33 - 4 12 - -41 24 - -2 21 - -16 35 - 5 
Biomass CHP 2 34 - -6 30 - 7 25 - 3 34 - 7 14 - -37 26 - 1 23 - -12 36 - 8 

2030                 
Biomass boiler 1 41 - -60 31 - -46 36 - -53 37 - -55 39 - -57 31 - -47 35 - -52 31 - -47 
Biomass boiler 2 38 - -63 39 - -20 24 - -19 34 - -40 5 - -100 31 - -29 31 - -43 39 - -33 
Biomass CHP 1 45 - -16 42 - 8 31 - 4 44 - 5 10 - -58 34 - -2 34 - -13 48 - 8 
Biomass CHP 2 48 - -11 44 - 12 33 - 8 46 - 8 12 - -53 36 - 1 36 - -8 50 - 12 
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Table 7.B-7: Current economic data for the bio-based materials analyzed. Petrochemical prices are collected from various publicly available issues of 
Chemweek (2000-2009), Orbichem, CMAI and Plastic News. All sales prices are delivered at land 

  
Bio-based Petrochemical Ratio Substituted 

petrochemical 
Region data 
refers to Base year Description References 

(USD/t) (USD/t) (-) 
Same product 

  Bio ethylene 
1,300-1,750 1,000-1,100 1.2 ± 0.3-

1.7 ± 0.4 Ethylene 
Brazil, 
China, India 2010 Production cost IRENA (2012) 

2,469 1,773 1.4 ± 0.2 Global 2009 Product value Updated BREW model 
  BioPE 2,450 2,000 1.2 ± 0.3 PE Brazil 2008 Sales price Braskem (2009) 
Same function 

  PEF 
(BioPET) 

1,483 2,000 0.8 ± 0.2 
PET Western 

Europe 

2011 Production cost 
Avantium (2011) 

2,377 1,901 1.3 ± 0.3 2007 Sales price 
(assumed +25%) 

  PHA 
9,060 

1,693 5.4 ± 1.5 HDPE 

China 

2007 Sales price 

Shen et al. (2009) 
1,834 4.9 ± 1.3 

Mix: PE, PP, 
PVC, PS, 

PET, PUR, 
ABS, PMMA 

2007 

Sales price 

Sales price 

2,408 2,217 1.1 ± 0.3 HDPE Global 2009 Product value Updated BREW model 

  PTT 
4,764 

4,764 1.0 ± 0.3 Nylon 6 
Western 
Europe/US 

2011 Sales price 
DuPont (2011); Shen et al. 

(2009) 3,045 1.6 ± 0.5 
Mix: PP, 

PET, PA, PC, 
PBT, PMMA 

2007 Sales price 

1,901 3,855 0.5 ± 0.1 Nylon 6 Global 2009 Product value Updated BREW model 

  PLA 
2,355 

2,261 1.0 ± 0.3 PET 

Global 
2011 

Sales price 
Shen et al. (2009); Purac 

(2011); NatureWorks 
(2011) 2,289 1.0 ± 0.3 

Mix: PE, PP, 
PS, PET, PA, 

PMMA 
Sales price 

1,755 
1,453 

1.2 ± 0.3 
PET 2007 PC Mühlbauer (2007) 

2,160 1.5 ± 0.4 
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Bio-based Petrochemical Ratio Substituted 

petrochemical 
Region data 
refers to Base year Description References 

(USD/t) (USD/t) (-) 

  PLA 2,039 
2,183 0.9 ± 0.2 PET 

Global 2009 Product value Updated BREW model 
1,031 2.0 ± 0.5 PS 

  Starch 
  polymers 

2,700 
1, 715 

1.6 ± 0.4 
LDPE 

Europe 2007 

Sales price 

Shen et al. (2009) 
6,750 3.9 ± 1.0 
2,700 

2,350 
1.1 ± 0.3 Mix: PE, PP, 

PS, PUR, 
PMMA 

Sales price 
6,750 2.9 ± 0.8 

3,750 1,940 1.9 ± 0.5 
Mix: PE, PP, 

PS, PUR, 
PMMA 

Italy 2007 
Sales price 

Novamont (2003); Elias 
(2009) 

Confidential 
0.9 ± 0.2 

Confidential 2011 Confidential 
1.2 ± 0.3 

  Cellulosic 
  films 

6,750 
2,261 

3.0 ± 0.8 
PET 

UK 2007 

Sales price 
Shen et al. (2009); Elias 

(2009); Serazetdinova 
(2010) 

9,450 4.2 ± 1.2 Sales price 
6,750 

2,077 
3.3 ± 0.9 Mix: PP, 

PVC, PS, ET 
Sales price 

9,450 4.6 ± 1.3 Sales price 

  Cellulosic 
  fibers 

1,628 1,416 1.2 ± 0.3 Cotton US/China 2009 
SP 

Lenzing (2011) 

2,400 1,893 1.3 ± 0.4 PET fibre Western 
Europe 2007 Orbichem (2007) 2,156 1.1 ± 0.3 PP fibre 

  Succinic acid 1,171 1,089 1.1 ± 0.2 Maleic 
anhydride Global 2009 Product value Updated BREW model 

  Ethyl lactate 1,818 1,999 0.9 ± 0.2 Ethyl acetate Global 2009 Product value Updated BREW model 
Different functions 

  Oleochem. 1 Confidential 
1.3 ± 0.4 

Organic acid Confidential 2011 Sales price Confidential  3.3 ± 0.9 
2.6 ± 0.7 

  Oleochem.2,3 Confidential 1.2 ± 0.3  Confidential 2011 Sales price Confidential 
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Table 7.B-8: Cradle to factory gate CO2 emission savings of the bio-based chemicals and 
polymers 

  
Feedstock 

CO2 emission 
savings Petrochemical 

compared to References 
(t CO2/t) 

Same product 

  Bio ethylene 
Sugar cane 3.0 

Ethylene 
Liptow and Tillman (2012) 

Sugar cane, corn 
1.9-4.5 Updated BREW model 

Hermann and Patel (2007) 2.5-5.0 

  BioPE Sugar cane 4.5 PE Boustead; Braskem (2007b) 
3.0 Liptow and Tillman (2012) 

Same function 

  BioPET Corn 1.1-2.5 PET Chen and Patel (2012) 
1.7-2.0 Eerhart et al. (2012) 

  PHA 
Corn -0.1-2.6 

Mix: PE, PP, 
PVC, PS, PET, 

PUR, ABS, 
PMMA 

Chen and Patel (2012) 

Sugar cane, corn 
2.2-4.6 

HDPE Updated BREW model 
Hermann and Patel (2007) 2.2-4.0 

  PTT 
Corn 0.9-1.8 

Mix: PP, PET, 
PA, PC, PBT, 

PMMA 
Chen and Patel (2012) 

Sugar cane, corn 
3.3-3.9 

Nylon 6 Updated BREW model 
Hermann and Patel (2007) 3.7-4.2 

  PLA 

Corn 1.0 Mix: PE, PP, PS, 
PET, PA, 

PMMA 

Vink et al. (2010) 

Sugar cane 1.8 Groot and Borén (2010) 

Sugar cane, corn 1.5-2.8 PET Updated BREW model 
Hermann and Patel (2007) 1.9-3.4 PS 

  Starch 
  polymers 

Wheat, potato, 
corn starch 3.5-4.7 Mix: PE, PP, PS, 

PUR, PMMA 
Patel et al. (2003); Shen and 

Patel (2008) 
  Cellulosic 
  films Wood 1.0 PET film Innovia (2011) 

  Cellulosic 
  fibers Wood 

-1.8-2.3 Cotton 
Shen et al. (2010b) 0.3-4.4 PET fiber 

-1.0-3.1 PP fiber 

  Succinic acid 
Maize and wheat Confidential 

Maleic anhydride 
Confidential 

Sugar cane, corn 4.2-4.9 
Updated BREW model 

Hermann and Patel (2007)   Ethyl lactate Sugar cane, corn 1.2-2.8 Ethyl acetate 

Different functions 
  Oleochem. 1 Vegetable oil Confidential Organic acid Confidential 
  Oleochem. 
  2, 3 Vegetable oil  Intermediates, 

polymer  

Note: For each BREW chemical we give two ranges based on the results of Hermann and Patel (2007): 
first range refers to the savings achievable by current state-of-the-art production technologies and the 
second range by future technologies. We only show the results of the sugar cane and maize feedstocks 
and exclude the potentials of the lignocellulosic route. 
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Table 7.B-9: Ranges used for the uncertainty analysis of the sales price ratios of bio-based 

materials 

  

Ranges used for the 
uncertainty analysis References 

(%) 
Sugar prices1 14 ICE (2011) 

Basic chemicals2 26 Chemweek (2000-2009) 

Steam3 26 Own estimates 
Capital costs 25 Assumption 
Fossil fuel based materials4 23 Chemweek (2000-2009) 

Note: Data provided in the first four rows are applied to the updated BREW model to estimate the total 
uncertainties of the product values of the bio-based materials as well as their petrochemical equivalents. 
All uncertainties related to the other production cost factors and inputs to the production processes (e.g., 
other utilities such as water etc.) are assumed to be 0%. The ranges estimated for the bio-based materials 
of the updated BREW model are applied to represent the total uncertainties of the sales prices of bio-
based materials which are collected from literature and company manufacturers as well. 
1 Ranges for the uncertainty analysis are determined based on the standard deviation of the US sugar 
prices (daily data). We analyze each year individually for the timeframe between 2000 and 2010. 
2 Ranges for the uncertainty analysis are determined based on the standard deviation of the US ethylene 
and propylene prices for 2009 (weekly data). 
3 The ranges are based on the results of the uncertainty analysis of the levelized costs of steam 
production. 
4 Ranges for the uncertainty analysis are determined based on the standard deviation of the US LDPE, 
HDPE, LLDPE, PP, PS and PVC (various grades for each polymer) prices for 2008 and 2009 (weekly 
data). 
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Table 7.B-10: Variation in land use (in hectares per tonne of bio-based material) and CO2 emission savings (in tonnes of CO2 saved per tonne of bio-based 
material) data of bio-based materials. N/A: not available. Source: Patel et al. (2006)  

  
Starch 
polymers PLA PHA Cell. 

Films BioPE BioPET BioPTT Ethylene Succinic 
acid 

Ethyl 
lactate 

Cellulosic 
fibers 

Land use 
  (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) (ha/t) 

M
ai

ze
 

N/A 0.19 0.69 N/A N/A N/A 0.08 0.47 0.26 0.16 N/A 
  0.28 0.41       0.1 0.45 0.25 0.16   
  0.18 0.4       0.11   0.15 0.22   
  0.28 0.4       0.12   0.15 0.32   
  0.28 0.39       0.12   0.13 0.28   
  0.18 0.39       0.09   0.15     
  0.18 0.38       0.09         
    0.38       0.2         
    0.31       0.16         
    0.31                 

Su
ga

r c
an

e 

N/A 0.20 0.7 N/A N/A N/A 0.08 0.48 0.26 0.16 N/A 
  0.28 0.42       0.1 0.46 0.26 0.16   
  0.18 0.41       0.11   0.16 0.22   
  0.28 0.41       0.12   0.16 0.32   
  0.28 0.4       0.12   0.14 0.28   
  0.18 0.4       0.09   0.15     
  0.18 0.39       0.09         
    0.39       0.2         
    0.32       0.16         
    0.32                 
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Starch 
polymers PLA PHA Cell. 

Films BioPE BioPET BioPTT Ethylene Succinic 
acid 

Ethyl 
lactate 

Cellulosic 
fibers 

CO2 emission savings 

  (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) (t CO2/t) 

 

2.78 1.88 3.21 0.45 4.52 2.03 1.71 3.04 4.19 1.18 2.30 
3.85 2.62 2.60 0.10 3.04 1.70 1.76 5.34 4.49 1.72 4.40 
3.45 2.80 -0.51 3.21   2.45 0.86 1.91 4.88 2.39 3.10 
3.15 3.65 2.60 1.90   1.05 3.33 2.45 5.20 2.80 -1.80 
0.85 1.18 2.23       3.73 4.51    0.30 
2.57 1.92 2.25       3.94 4.99    -1.00 
2.94 2.10 4.63       4.22        
2.57 2.95 4.00                

  1.02                  
  1.82                  
  0.85                   
  1.65                   
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Table 7.B-11: Ranges used for the uncertainty analysis of the CO2 emission savings of bio-based 
materials per GJ of biomass input 

  

Ranges used for the 
uncertainty analysis References 

(%) 
Land use 
  Starch polymers 25 Patel et al. (2006); own estimates 
  PLA 23 Patel et al. (2006) 
  PHA 26 Patel et al. (2006) 
  Cellulosic films 25 Patel et al. (2006); own estimates 
  BioPE 3 Patel et al. (2006) 
  BioPET 25 Patel et al. (2006); own estimates 
  BioPTT 32 Patel et al. (2006) 
CO2 emission savings of bio-based materials 
  Starch polymers 14 Shen and Patel (2008) 

  PLA 27 Patel et al. (2006); Vink et al. (2010); Groot and 
Borén (2010) 

  PHA 85 Patel et al. (2006); Chen and Patel (2012) 
  Cellulosic films 92 Innovia (2011) 

  BioPE 28 Patel et al. (2006); Braskem (2007b); Dow (2008); 
Liptow and Tillmann (2012) 

  BioPET 33 Chen and Patel (2012); Eerhart et al. (2012) 

  BioPTT 53 Patel et al. (2006); Chen and Patel (2012) 

  All chemicals and 
  polymers 64 See Table 7.B-10 

Biomass yields1 
  Maize 43 FAOSTAT (2012b) 
  Sugar cane 20 FAOSTAT (2012b) 

1 Ranges for the uncertainty analysis are determined based on the data for a total of 110 countries. We 
analyze each year individually for the timeframe between 1990 and 2011. 
 
Table 7.B-12: Literature review of total biomass (biomass energy crops and biomass residues) and 

biomass residue supply potentials. Values in brackets refer to the averages of the 
ranges 

  
  

Total biomass Biomass residues Share of residues 
(PJ/yr) (PJ/yr) (%) 

Fischer and 
Schrattenholzer (2001) 350-450 (400) - 30 

Hoogwijk et al. (2003) 33-1130 (582) 30-180 (105) 6-27 (18) 
Berndes et al. (2003) 100-400 (250) - 20-40 (30) 
Smeets et al. (2007) 367-1548 (958) 76-96 (86) 8-10 (9) 
Dornburg et al. (2008;2010) 200-500 (350) 30-180 (105) 11-42 (30) 
Hoogwijk and Graus (2008) 194-567 (344) 32-117 (73) 11-30 (21) 
WBGU (2008) 80-170 (125) 40 51 
Hakala et al. (2009) 44-110 (77) 38-41 (40) 50-52 (51) 
Offermann et al. (2011) 262-925 (594) 62-325 (194) 13-45 (33) 
Haberl et al. (2010) 160-270 (215) 116-137 (134) 59-63 (62) 
Beringer et al. (2011) 130-270 (200) - 60 
Taibi et al. (2012) 150-150 (150) - 25 
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Total biomass Biomass residues Share of residues 
(PJ/yr) (PJ/yr) (%) 

GEA (2012) 171-171 (171) 90 53 
IPCC (2011) 25-1090 (558) 25-280 (153) 6-41 (27) 

 
Figure 7.B-1 shows the contribution of technologies to reduce industrial fossil 

fuel-based energy demand and the related CO2 emissions. 
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Figure 7.B-1: Contribution of seleced technologies to reduce industrial fossil fuel-based energy use 

and the related CO2 emissions by two-thirds in 2050 compared to autonomous 
improvements. Sources: Saygin et al. (2010;2011b) (see Chapter 3); Kristof and 
Hennicke (2010); UNIDO/IEA (2011) 

 
Figure 7.B-2 shows the developments in the ratios of economic indicators of 

bio-based chemicals and polymers. 
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Figure 7.B-2: Effect of various levels of CO2 tax over the current price ratios of bio-based 

chemicals and polymers. Note: CO2 tax is applied to the cradle to factory gate CO2 
emissions by crediting the CO2 sequestered from biomass use. Starch polymers and 
cellulosic films are exceptions where we used cradle to cradle emissions for the 
estimates as the exact quantities of CO2 sequestered in these polymers are not 
available to us 



307 Chapter 8 
 

 

8 Discussion 
 

8.1 Scope of the thesis 
Worldwide, industry uses 30% of the economy-wide total final energy and contributes 
25% to the global anthropogenic CO2 emissions125. More than 85% of the industrial 
energy demand is used as process energy in the form of primary fuels, steam and 
electricity, whereas the remaining 15% is used as feedstock energy. Currently more 
than 90% of the sector’s total final energy use is provided by fossil fuels. If past trends 
persist, global energy use of the manufacturing industry could grow to 225-325 EJ by 
2050 from its current levels of 130 EJ. Most of the growth will be in non-OECD 
countries. 
 

In the first part of this thesis, we combine the Energy Efficiency Index (EEI) 
developed at sector level with plant level data to measure industrial energy use and to 
quantify the short-term energy saving potentials. In the second part of this thesis, 
historical energy use of the energy-intensive sectors is monitored and used to project 
industrial energy use at sector levels until 2040. We also provide a detailed discussion 
of the quality of background data used for such analysis. Beyond energy efficiency 
technologies, other low carbon technologies, such as less CO2 emission intensive 
renewable energy sources and CO2 capture and storage (CCS) technology will be 
required to meet the long term goals of ambitious climate policy. In the third part of 
this thesis, we assess the technical and economic potentials of CCS and biomass use 
for the various industry sectors and we quantify the extent to which they can 
contribute to industrial CO2 emissions reductions in the long term. 
 
8.2 Measuring current industrial energy use and the short-term energy 

efficiency improvement potentials 
8.2.1 Principal findings 
Improving energy efficiency is regarded key to reduce industrial energy demand and 
the related CO2 emissions. To quantify the reduction potentials and to set targets, 
current energy use in industry needs to be measured. In Chapter 2, we analyze the 
energy use of the 17 most energy-intensive sectors worldwide by developing energy 
indicators at plant level based on publicly available benchmark curves. We fill in data 
gaps with sector level literature data and EEI based on international energy statistics. 
We then compare the current average energy use of these sectors with the level of the 
international benchmark (i.e., defined as the SEC of the best plant in the sector or 
EEI of the most efficient region) to estimate the energy efficiency improvement 
potentials. The analysed sectors use a total of 86 EJ final energy (in 2007), 
                                                 
125 In this thesis, industry covers the manufacturing industry according to the ISIC Revision 4 
(International Standard Industrial Classifications of All Economic Activities) and it covers the total 
economic activity of Section C, and Divisions 10-33 (UNSD, 2008). 
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representing more than 60% of the total final industrial energy use worldwide (139 EJ 
including petroleum refineries). We find that about 60% of this demand is located in 
non-OECD countries (50 EJ) and the remaining 40% in OECD countries (36 EJ). 
For the global industry sector, we estimate final energy saving potentials of 33 ± 10 EJ 
in heat and electricity use if best practice technology (BPT) is implemented in all 
production processes. This is equivalent to 27 ± 8% of total global final industrial 
energy use (excluding feedstocks). About three-quarters of the energy saving 
potentials are located in non-OECD countries (24 ± 7 EJ; or 29 ± 8% of savings) and 
the remaining quarter in OECD countries (9 ± 3 EJ; or 15 ± 5%). Two thirds of the 
energy saving potential exists in the energy-intensive industry sectors (21 ± 5 EJ). We 
find that the improvement potentials increase by about 10 percent points if the 
ambition level of the international benchmark is raised from the level of BPT to that 
of best available technology (BAT). Even higher energy savings are achievable if the 
potentials of system level measures (e.g., combined heat and power (CHP), process 
integration, motors) and new and emerging technologies would be included.  
 

In Chapter 3 we estimate the energy efficiency improvement potentials of the 
chemical and petrochemical sector of 15 countries and the world as whole based on 
66 key products if all chemical production processes were to implement BPTs. Based 
on two approaches, we arrive at similar estimates of the sector’s total final energy use 
worldwide, i.e., 27 ± 5 EJ for BPTs (including feedstock). This is equivalent to an 
energy saving potential of 5 ± 1 EJ or 15 ± 4% energy efficiency potential compared 
to the sector’s total process heat and feedstock use of 32 EJ (excluding electricity). At 
country level, we find significant differences in the improvement potentials estimated 
based on the two approaches, i.e., between -25 and +15 percent points. These 
findings also point to uncertainties in input data, e.g., technology data, production and 
energy statistics to estimate the potentials in complex sectors such as the chemical and 
petrochemical sector. As opposed to Chapter 2 where we limit the analysis to the 
potential of BPTs only, we also include the potentials of additional measures for the 
chemical and petrochemical sector, namely process integration, higher rates of 
product recycling and more CHP. Together these measures raise the energy saving 
potentials by 6 ± 1 EJ, from 5 ± 1 EJ to a total of 11 ± 2 EJ (including the BPTs in 
electricity use). This is equivalent to 34 ± 6% energy efficiency improvement potential 
compared to the sector’s total final energy use of 35 EJ (including feedstocks and 
electricity use). Given that a large share of the chemical and petrochemical sector’s 
energy use is consumed as feedstock, the improvement potentials are lower than those 
of other energy-intensive sectors (e.g., iron and steel, pulp and paper sectors). This 
shows that additional technologies next to energy efficiency improvements will be 
required to achieve large reductions in the sector’s fossil fuel demand. 
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8.2.2 Strengths and limitations of our research 
Strengths 
The research presented in this thesis adds important insights to the existing body of 
work on industrial energy use by estimating the energy efficiency improvement 
potentials of 17 industry sectors in the OECD and non-OECD countries. In the 
specific case of the chemical and petrochemical sector, our research identifies the SEC 
values of the current average technology and BPT for the sector’s 66 key products and 
proposes two approaches for analyzing the sector’s energy use. 
 

Chapter 2 provides for the first time a compilation of benchmark curves for a 
substantial number of subsectors of the industry. These curves are used to estimate 
the current average energy use and the international benchmark values for these 
sectors. Our analysis presents an important step forward in the analysis of industrial 
energy use since it does not depend on generic values of energy use available in 
literature that often refer to a single representative plant. This is an advantage since 
there are no international energy statistics for many of these sectors. In comparison to 
benchmark curves which are often incomplete with regard to participation of the 
world regions, energy statistics allows developing energy indicators (e.g., EEI), in 
particular for complex sectors which produce numerous products (see Chapter 5 
where we develop EEI values and apply them to analyze energy use of the iron and 
steel, paper, food and building material sectors in the Netherlands). By combining the 
energy efficiency analyses based on benchmark curves with those using EEI, we 
analyze a large share of the total industrial energy use.  
 

In Chapter 3, we show that the chemical and petrochemical sector’s energy 
use can be analyzed by two approaches, but the analysis needs to be complemented by 
energy benchmarking as proposed in Chapter 2 to set targets for the short term. We 
also provide an in-depth discussion of the uncertainties in the data used (specific 
energy consumption (SEC) values, energy statistics). In particular we identify specific 
areas where more data collection is required and where data quality needs to be 
improved.  
 
Limitations  
Although we compiled up-to-date, publicly available data for industrial energy use and 
cover a large share of industrial energy use, the analyses presented in Chapter 2 and 
Chapter 3 are subject to uncertainties: 

(i) In Chapter 3, the SEC values of all current technologies as applied to the 
global chemical and petrochemical sector refer to the average situation in 
Europe, with the exception of five energy-intensive chemical production 
processes where we consider the regional differences (e.g., steam 
cracking, ammonia). As a consequence, our estimated energy efficiency 
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improvement potentials are too low for some countries (e.g., Korea, 
Benelux, United States, China) since data for Europe is not an adequate 
basis to analyze the potentials of all countries. 

(ii) Information about the process specifications of BPTs is available for a 
few products only (e.g., chlor-alkali, some polymers). Missing information 
about BPTs may lead to under- or over-estimation of the sector’s energy 
saving potentials. 

(iii) In Chapter 2, we try to tackle these uncertainties by using energy 
benchmark curves. However, our benchmark curves only incompletely 
cover the total global production; therefore they do not allow conducting 
a complete worldwide analysis (e.g., 50% of global steam cracking 
capacity, 30% of global cement production is covered) and some data are 
rather old (e.g., late 1990s for glass). 

(iv) In Chapter 2, the EEI values suffer from uncertainties due to 
inconsistencies in international energy statistics. For the pulp and paper 
sector of many countries, international energy statistics do not report or 
only partly report the renewable energy. For the petroleum refineries of 
the non-OECD countries, we estimated improvement potentials reaching 
>50% which may be too high given recent investments based on newer 
technologies. Similarly, we identify two principal sources of uncertainty 
related to the chemical and petrochemical sector’s energy statistics since 
countries: (i) do not fully comply with the non-energy use (NEU) 
definitions of International Energy Agency’s (IEA) questionnaires, (ii) 
under-report the energy required to produce chemicals (both in the 
chemical and petrochemical sector and in petroleum refineries) in energy 
statistics. 

(v) Due to uncertain energy statistics for the chemical and petrochemical 
sector, we arrive at coverage values >100% for some countries (e.g., 
India, China, Benelux) which makes our findings for these countries less 
plausible. 

(vi) In Chapter 2 and Chapter 3, we either exclude or only partly estimate the 
potentials of system-level measures and new and emerging technologies. 
However, the related potentials should be included to correctly estimate 
the future energy efficiency improvement potentials. 

 
We conclude that although our analyses are subject to uncertainties, different 

approaches can be applied to gain valuable insights for strategic decision making. We 
provide a detailed analysis of energy use in the energy-intensive sectors of the OECD 
and non-OECD countries and identify where data quality for industrial energy use 
analysis needs to be improved.   
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8.2.3 Conclusions and recommendations 
Our research shows that worldwide energy efficiency improvements potentials are 
substantial, both in non-OECD countries (29 ± 8% of savings) and the OECD 
countries (15 ± 5%). The findings of Chapter 2 and Chapter 3 show that the quality of 
data needs to be improved for industrial energy analysis and for target setting. 
Accurate analysis requires the measurement of energy use at plant level based on 
harmonized methodologies and consistent system boundaries. Independent 
consultants carry out energy benchmarking surveys for the purpose of such data 
collection. However, data is often confidential. Publicly available data introduce 
uncertainties since production coverage is limited or data is too old (also valid for 
benchmarking surveys). To the extent possible, data measured should be publicized to 
allow independent checks, monitoring and analysis. Data availability from non-OECD 
countries needs to be increased since the largest energy data gaps exist for these 
countries and also because these countries will account for most industrial energy use 
in coming decades. Likewise benchmarking surveys need to be extended to cover 
energy use of less energy-intensive sectors since they also account for a large share of 
industrial energy use, in particular in the non-OECD countries. The responsibility of 
starting such data collection lies in the hands of industry associations and 
governmental agencies. Without immediate efforts, the current knowledge about 
industrial energy efficiency will remain relatively limited. 
 

In addition to energy benchmarking, the quality of data required to develop 
EEI needs to be improved. In particular, data reported in the international energy 
statistics need to be consistent with regard to the system boundaries to allow accurate 
country-level comparisons of energy efficiency. The most critical uncertainties are 
related to the data of the chemical and petrochemical sector where countries need to 
ensure that they distinguish and report their fuel and feedstock energy use consistently 
by complying with the IEA questionnaires. This will allow the analysis of the sector’s 
process energy use only, thereby excluding non-energy use. In addition, for a wider 
applicability of EEI to more sectors, the energy use of the non-specified industry item 
according to the international energy statistics needs to be correctly allocated to the 
sectors that actually use this energy. 
 

Our analysis shows that energy and climate policies need to be based on 
information collected from benchmark curves. Benchmarking could be a key policy 
tool if more countries and sectors are active in data collection. If data quality is 
improved, EEI based on energy statistics can be a strong complementary approach 
for industrial energy use analysis. Currently, some sectors are already active in 
developing methodologies for accurate data collection via sectoral initiatives (e.g., the 
aluminium and cement production sectors), while others are lagging behind (e.g., 
chemical and petrochemical sector). Making increased use of data available from 
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emission trading (at least with a time delay) could also offer valuable insights. 
Realizing the next steps proposed in this thesis will require the contribution and 
commitment of all industry sectors and governments which need to (i) develop 
partnerships for data measurement, collection and sharing, and (ii) improve reporting 
of collected data to the energy statistics by collaboration of company energy managers 
and energy statisticians with inter-governmental organizations such as the IEA and 
United Nations Industrial Development Organization (UNIDO). 
 
8.3 Monitoring historical industrial energy efficiency and developing 

scenarios 
8.3.1 Principal findings 
Monitoring historical industrial energy efficiency allows evaluating the effectiveness of 
past policies, and setting energy efficiency improvement targets. However, monitoring 
is challenging, in particular for complex sectors such as the chemical and 
petrochemical sector given the uncertainties in published energy use and production 
data (see Chapter 3). In Chapter 4, we develop an advanced bottom-up model (PIE-
Plus) that covers 139 key chemicals to estimate the German basic chemical industry’s 
energy use for the base year 2000. We also use this model to quantify the annual 
energy efficiency improvements realized between 1995 and 2008. Applying the model 
for the base year, we estimate the sector’s total final fuel and heat use at 239 PJ and 
NEU (feedstock use) at 793 PJ. These estimates cover 86% and 92% of the sector’s 
total fuel and heat use (278 PJ) and NEU (861 PJ) respectively (according to German 
Energy Balances). For the period between 1995 and 2008, we find that fuel and heat 
use efficiency of the German basic chemical industry improved on average by 3.5% 
p.a. (confidence intervals between 1.9% and 5.0%) based on German Energy Balances 
and at similar rates of 3.3% p.a. (confidence intervals between 1.8% and 4.7%) based 
on the IEA Energy Statistics (in both cases determined using the semi-net NEU 
definition of the German Energy Balances). When we re-estimate the improvements 
based on net definition of NEU, we calculate lower improvements of approximately 
2.2% p.a. (confidence intervals between 0.5% and 3.9%). Based on the PIE-Plus 
model, we find substantial changes in the annual energy efficiency improvement when 
we adapt the end year of the analysis from 2008 to 2006 and 2007: from 3.5% p.a. for 
the total period to values between 2.1% and 5.9% p.a. This wide range is explained by 
(i) the differences in the energy use reported in the energy statistics prepared at 
national as opposed to international level (since IEA Energy Statistics did not yet fully 
implement the revisions of the German Energy Balances), and (ii) due to errors in the 
German Energy Balances for specific years between 1995 and 2008. We find the 
results for a shorter period of time (2000 and 2008) more reliable since we observe 
fewer fluctuations in the German Energy Balances. For this period, we estimate 
annual energy efficiency improvements of 1.2% p.a. (confidence intervals between -
0.2% and 2.6%). 
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In Chapter 5, we extend the work by Ramirez et al. (2006) and Neelis et al. 

(2007) to develop the FYSI 2.0 bottom-up model that encompasses the production of 
122 products of the six most energy-intensive industry sectors in the Netherlands. We 
apply FYSI 2.0 to quantify the energy efficiency improvements achieved in these six 
sectors over the period 1993-2008. Based on the developments between 1993 and 
2008, we estimate annual energy efficiency improvements of 1.0% p.a. (confidence 
intervals between -0.3% and 2.3%) excluding NEU. We find a substantial 
deterioration for NEU of the chemical sector, with a value of -7.4% p.a. for the 
period between 2003 and 2008. This finding points to errors in the reported energy 
use of the sector according to the energy statistics. Combining total process energy 
use and NEU of the industry sector, we arrive at -0.1% p.a. energy efficiency 
improvements between 1993 and 2008 (confidence intervals between -1.0% and 
0.9%). Since the results are implausible, we exclude the sectors with large 
uncertainties. In this case, we estimate annual energy efficiency improvements of 1.1% 
p.a. for the basic metal, food, paper and building materials sectors. To project annual 
improvement potentials, we extend the findings of FYSI 2.0 for all sectors (for 
methodological consistency we also include the results of the chemical sector and 
refineries despite uncertainties) along with other historic achievements in the Dutch 
industry (for the period 1989-2008). We find baseline annual improvement rates of 
0.6-1.8% p.a. for the Dutch industry until 2040 (average 1.1% p.a.). By full 
implementation of BPTs by 2025 (see Chapters 2-3) and by making the same 
assumption for new and emerging technologies by 2040, Dutch industry can 
potentially double its annual improvement rates to 2.0% p.a. (confidence intervals 
1.5% and 2.5%) between 2008 and 2040. The analysis shows that improving energy 
efficiency in industrial processes can reduce industrial energy use by more than 45% 
compared to the frozen efficiency in 2040 and can therefore play a major role to 
achieve the goals of climate policy in the long term. 
 
8.3.2 Strengths and limitations of our research 
Strengths 
The PIE-Plus bottom-up model covers 86% of the German basic chemical industry’s 
total fuel and heat use, which is a step forward in the analysis of the sector’s energy 
use. Furthermore, we show that the large product scope of the PIE-Plus model offers 
a more comprehensive insight into the sector’s energy use pattern (for fuels and heat 
and non-energy use) and the related annual energy efficiency improvements. More 
importantly, it allows to check the quality of the chemical industry’s energy statistics. 
 

In Chapter 5, we analyse the developments of industrial energy use in the 
Netherlands between 1993 and 2008. The model extension and the update allow to 
conduct an independent check of the published results of the Benchmarking 
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Covenant as well. Our analysis reveals errors and inconsistencies in the fuel and heat 
use and NEU of the Dutch chemical industry as reported in the Dutch energy 
statistics for the years prior to 1993 and for the years after 2003, and it indicates 
uncertainties for the refineries. We make a step forward by linking historic 
achievements with future projections of industrial energy use. We develop a number 
of energy efficiency scenarios which show that industrial energy efficiency can be 
improved beyond baseline scenarios in the long term and that energy efficiency 
technologies will continue to play a key role. 
 
Limitations 
The quality of our findings suffers from the uncertainties in energy statistics as well as 
the limited product scope analyzed in some sectors and the limited availability of 
representative SEC values. Some of the limitations which we discussed in Section 
8.2.2 apply to the analyses presented in Chapters 4 and 5 as well, in particular the 
concerns addressed in items (ii) the quality of the BPT data, and (iv) the 
inconsistencies in the NEU definitions of the chemical industry in energy statistics. 
We now discuss other limitations of our research which are specific to Chapters 4 and 
5: 

(i) For Germany’s basic chemical industry, possible errors are identified in 
the data on fuel and heat use as reported by the German Energy 
Balances, in particular for the years 1997/1998 and 2007. In addition, we 
find that petroleum products and heat use of the sector (two-thirds of the 
sector’s total fuel and heat use) according to the IEA Energy Statistics is 
currently lower than reported since IEA has not yet updated its data with 
the revisions that took place at the national level (for the period 2003-
2006). In addition, we find indications of wrong allocation of fuels and 
heat use between the chemical industry and refineries in the Netherlands. 
As a result, we cannot distinguish the annual energy efficiency 
improvements achieved in the chemical industry and refineries of the 
Netherlands and Germany.   

(ii) Compared to the chemical industry and the refineries, we find the FYSI 
2.0 results for the basic metal, food, paper and building materials 
industries more reliable. However, for all sectors analyzed, we observe 
differences for reference energy use and the realized energy use trends 
between the FYSI 2.0 and the Benchmarking Covenant due to different 
product scopes. On one hand, data from the covenants based on 
communication with companies are likely to be more reliable (in 
particular for the chemical industry and the refineries) than generic 
literature data. On the other hand, the results of the food, paper and 
building materials according to FYSI 2.0 can also be regarded plausible 
since our model covers a larger product scope of these sectors. 
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(iii) The lack of SEC data availability introduces uncertainties to the bottom-
up reference energy use estimates, for the case of Germany for year 2000 
(in PIE-Plus) as well as for the cases of the refineries and the other 
chemical sector for the year 1995 (in FYSI 2.0). 

(iv) Results of the energy efficiency scenarios in Chapter 5 are uncertain due 
to the SEC values used for the FYSI 2.0 products and the 
approximations in modelling, in particular because: (i) SECs of the 
current average technologies (2008) are estimated based on FYSI 2.0 and 
the SECs of the BPT values and the new and emerging technologies are 
uncertain (see Chapters 2 and 3), (ii) investment cycles are excluded, and 
projections were made by extrapolating historical achievements and by 
assuming technologies will be implemented in specific years (i.e., 2025 
and 2040).  

 
Although the analyses are subject to uncertainties, the research provides a 

detailed monitoring of historical energy efficiency improvements for a longer period 
and for more sectors than done in previous studies. Our research links historical 
developments in energy use with projections and identifies the key issues where 
analysis can be improved for policy making. 
 
8.3.3 Conclusions and recommendations 
Our research monitors historical energy efficiency improvements in industry and 
makes use of the information to project industrial energy use until 2040. The findings 
of Chapters 4 and 5 show that monitoring industrial energy efficiency improvements 
requires solid energy statistics. For the chemical industry our analysis shows that 
quality of data available from national and international energy statistics is not 
adequate to monitor the sector’s energy use. In contrast, the results for the other 
sectors studied (4 in total) indicate reliability of the respective energy data. As a 
consequence of the inconsistencies found for the chemical industry, it is not possible 
to evaluate the effectiveness of past policies or set targets which would be pivotal to 
steer current energy and climate policies. Bottom-up models similar to the PIE-Plus 
can make important contributions to check the quality of the energy statistics. 
Currently, Statistics Netherlands is revising the NEU values reported in the Dutch 
energy statistics based on the recommendations provided in Chapter 5. Next steps 
need to include the revision of process energy data of the chemical industry and cross-
checking the consistency with the process energy use of refineries. For the case of the 
German basic chemical industry, we identified specific periods/years and energy 
carriers where data quality needs to be checked and improved. Future research should 
identify to which extent fuel and heat use as well as NEU of the sector is wrongly 
allocated. The core responsibility to improve the quality of the data lies in the hands 
of the national statistics offices as well as the chemical industry associations which 
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need to ensure (i) consistent measuring and collecting of energy use data and (ii) 
transparent reporting of these data to the statistics offices by complying with 
commonly agreed statistical definitions. Furthermore, revisions at national level also 
need to be implemented in international energy statistics. IEA is the key organization 
in this regard, with one of its objectives being the compilation of consistent worldwide 
energy statistics (based on its questionnaires). If the quality of data in the international 
energy statistics can be improved, it will be possible to provide early warnings to 
energy statisticians about possible errors in reported data and to improve industrial 
energy efficiency analysis. Improved data will also help to develop energy indicators to 
estimate energy efficiency improvement potentials and country-level comparisons of 
energy efficiency at sector level (see Chapters 2 and 3). In addition to energy statistics, 
bottom-up models require region and time specific SEC values for which we already 
outlined the next steps to design a framework for data collection systems in the 
previous section. 
 

Based on our analysis, we conclude that there are unexploited potentials of 
energy efficiency improvements in the industry sector which can double the historic 
improvements until 2040. Thus, energy efficiency technologies present substantial 
untapped potentials for CO2 emission reductions in the long term as it is already for 
the short term (Chapters 2 and 3). However, energy efficiency technologies alone may 
not be sufficient to meet the goals of ambitious climate policies. This highlights the 
need for developing and deploying other low-carbon technologies. 
 
8.4 Potentials of measures other than energy efficiency technologies to 

reduce industrial CO2 emissions 
8.4.1 Principal findings 
In Chapters 2-5, we estimate energy saving potentials in industry at 27 ± 8% 
(worldwide) in the short term (between today and 2025) and at 45 ± 10% (for the 
Netherlands only) in the long term (between 2040 and 2050) compared to current 
levels of energy efficiency. The reduction potentials of industrial CO2 emissions are in 
a similar order. These CO2 emission mitigation potentials can be increased further by 
deploying an extended portfolio of additional measures beyond energy efficiency 
technologies. Most promising among these may be the enhanced use of biomass use 
for generating steam and materials and the application of CCS to industrial processes. 
 

In Chapter 6, we use a modified version of the bottom-up model FYSI 2.0 
(see Chapter 5) to analyze the CO2 emissions of the seven energy-intensive industry 
sectors in the Netherlands for the period between 2008 and 2040126. We estimate that 

                                                 
126 As opposed to Chapter 5 where we analyze the other chemical and the fertilizer sectors together under 
the total chemical sector, in Chapter 6 we analyze them separately which increases the total number of 
sectors analyzed from six to seven. 
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energy efficiency technologies offer CO2 emission reductions of 28 ± 8 Mt CO2 or 36 
± 15% in 2040 compared to the frozen efficiency scenario (75 ± 8 Mt CO2/yr). In 
order to make these industrial energy efficiency potentials economically viable, a CO2 
price level of at least 92 € (Euro2008) per tonne CO2 (or USD (US Dollar2008) 135 per 
tonne CO2) would be required by 2040. However, these potentials can meet less than 
half (~40%) of EU’s long term goals (the aim is to achieve 59-64% CO2 emission 
reductions in 2040 compared to 1990). We identify cost-effective opportunities for 
CCS in the fertilizer (~32 €/t CO2 or USD 47 per tonne CO2) and the iron and steel 
(42 €/t CO2 or USD 62 per tonne CO2) sectors, as well as in refineries (89-120 €/t 
CO2 or USD 131-177 per tonne CO2). In total, this represents 50-60% of the 
technical potential of CCS (compared to the same CO2 price level in 2040). In 2040, 
the economic potentials of energy efficiency technologies and CCS jointly allow to 
reduce industrial CO2 emissions by 48-54 Mt CO2/yr, which results in CO2 emissions 
that are 60-67% below frozen efficiency. Realizing these potentials would, however, 
reduce the annual energy efficiency improvement potentials from 2.0% (confidence 
intervals between 1.5% and 2.5%) to 1.6% (confidence intervals between 1.3% and 
1.9%) (at least 15% reductions). The analysis shows that, at a CO2 price level of 92 €/t 
CO2 and assuming 0.5-1.0% p.a. increase in natural gas and electricity prices between 
today and 2040, the economic potentials of energy efficiency technologies and CCS 
are not sufficient to meet the European Union (EU)’s long term CO2 emission 
reduction goals (39-47% potentials versus 59-64%). However, there are unexploited 
opportunities for CCS, in particular in the chemical sector. Realizing these will depend 
on energy price trends, technological progress (including improved post-combustion 
technologies and advanced solvents) and economies of scale and the scale of global 
CCS deployment.  
 

In Chapter 7, we assess the potentials of using biomass for the industry 
sector. For 2030, we estimate 85-97 EJ/yr technical substitution potentials worldwide 
(55-60% as fuel for steam, 40-45% as feedstock for materials). However, economic 
potentials are lower than these estimates. According to the results, worldwide steam 
production from low-cost biomass sources (i.e., residues) is cost-competitive 
compared to fossil fuel-based steam production today and in 2030 (net present value 
(NPV)>0). However, only in a few regions steam production from expensive sources 
of biomass is cost-competitive, i.e., South America, South East Asia and South Africa. 
In contrast, we find that currently almost all bio-based materials are more expensive 
than the petrochemical equivalent. Some materials which are already commercialized 
(e.g., polylactic acid (PLA), polytrimethylene terephthalate (PTT)) are cost-competitive 
when compared to high-value petrochemicals. Based on these cost dynamics, we 
estimate that the economic potential of biomass use in industry is at least 20 EJ (25% 
of the technical by 2030). Biomass could reach an economic potential of 38-45 EJ 
until 2050, of which more than 80% could be used in non-OECD countries. By 2050, 
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such deployment levels would reduce 2.0-2.4 Gt CO2 emissions (excluding indirect 
land use change (iLUC). We find that the economic potentials of biomass use as 
feedstock (~18 EJ) are as high as biomass use for steam production (~24 EJ), 
indicating that switching to biomass feedstock is equally important. For a mix of 
technologies representing the current situation, bio-based materials are on average less 
resource efficient (0.030 ± 0.018 t CO2/GJ biomass) compared to bio-based steam 
(0.069 ± 0.005 t CO2/GJ biomass) but there are potentials to reach the performance 
of bio-based steam and beyond as concrete examples of specific materials show. This 
highlights the importance of developing resource efficient materials and stimulating 
their implementation, both of which is critical given the limited availability of 
sustainable biomass. 
 
8.4.2 Strengths and limitations of our research 
Strengths 
The research assesses the technical and economic potentials of CCS and biomass use 
in industry. In Chapter 6, we quantify to which extent energy efficiency technologies 
and CCS are economically viable to reduce industrial CO2 emissions in the 
Netherlands at the sector level and we quantify the energy penalty, putting it into 
perspective relative to the CO2 emissions savings by energy efficiency technologies. 
This trade-off is not transparent in other analyses. Compared to earlier studies, which 
focus on a limited number of generic process designs, we cover all industrial CO2 
emission sources in the Netherlands based on publicly available data from the 
Pollutant Release and Transfer Registers (PRTR) and the GHG inventory data of 
United Nations Framework Convention on Climate Change (UNFCCC). Although 
our model includes a number of assumptions and it approximates a sample of plant 
data to the sectors, we find our model useful to assess the potentials of CCS and to 
generate first order estimates of abatement costs.  
 

We develop environmental and economic indicators of biomass use as fuel 
for industrial steam generation and as feedstock for chemical and polymers 
production in Chapter 7. By doing so, we take a broader perspective to estimate the 
global biomass demand of industry. This analysis complements previous studies that 
mainly focus on the power and transportation sectors only. We are also able to 
identify specific regions and sectors that offer the largest economic potentials of 
biomass use. Our analysis provides insights in the industrial use of biomass use in 
view of the limited supply potentials. We also identify R&D focus areas to develop 
resource efficient biomass applications. 
 
Limitations 
The estimates in Chapters 6 and 7 include uncertainties since we use simple bottom-
up models based on a number of exogenous variables (e.g., energy prices, capital 
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costs) and assumptions. There are additional uncertainties related to data choice and 
methodological limitations: 

(i) In Chapter 6, we collect the most representative plant level data from 
case studies available in literature and adapt the related system parameters 
(e.g., capital costs) to the average size of industrial plants in the 
Netherlands. However, the chosen configuration of the process or site-
specific conditions may limit or further enhance the potentials of CCS 
compared to the actual situation. We do not quantify this bias of our 
analysis. Therefore our abatement cost estimates (subject to uncertainties 
in the order of ±20%) and the total CO2 emission saving potentials need 
to be refined by plant level analysis. 

(ii) While we carry out a detailed cost analysis for CCS, we only qualitatively 
evaluate the potentials of energy efficiency technologies by comparing the 
latter to the scenarios of IEA’s World Energy Outlook. Thus, a detailed 
cost analysis is required for a more balanced comparison of energy 
efficiency technologies as compared to CCS. This is particularly 
important since our analysis showed considerable reductions in annual 
energy efficiency improvements with increasing CCS capacity. 

(iii) In Chapter 7, we limit the system boundaries of the analysis to cradle-to-
factory gate and we exclude CO2 emission reductions from end-of-life 
waste treatment compared to petrochemicals. By including the end-of-life 
waste treatment of bio-based materials, the complete life cycle of each 
material could be analyzed for all major treatment options (e.g., 
landfilling, incineration, composting). It would be valuable to add this 
analysis since the fate of the products differs by region.  

(iv) For biomass use, we focus only on CO2 emissions. But increasing 
biomass use will lead to additional non-CO2 GHG emissions (e.g., 
nitrous oxide (N2O) emissions from biomass) and to GHG emissions 
from iLUC. Accounting for these will increase the GHG emissions of 
bio-based steam and materials production, but this can be avoided to a 
large extent by adapting agricultural land management practices. More 
analyses with extended system boundaries are necessary to ensure a 
comparison which fully takes into account all environmental impacts.  

(v) The potentials for industrial biomass use and CCS will be influenced by 
the uptake of these technologies in the power and transportation sectors. 
Industrial CCS would most probably benefit from quick uptake of CCS 
in the power sector (due to economies of scale). To some extent, this is 
also true for biomass but increased resource competition due to biomass 
use for power and transportation fuel is likely to dominate and limits the 
use in industrial applications. However, our analyses exclude these 
aspects. This shortcoming could be overcome in the future by developing 
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integrated assessment models. For this purpose, the following topics need 
particular consideration: 
o The development of fossil fuel prices and biomass prices will 

determine the deployment of CCS and biomass. A bottom-up 
analysis of future biomass prices that considers the supply potentials 
and demand from the economy may generate more realistic price 
estimates. 

o Capital costs of CCS are equally important to determine the final 
CO2 abatement costs. Capital costs are expected to decrease due to 
technological learning. A global model which integrates the 
deployment of CCS in the power and industry sectors would lead to 
more accurate estimates. 

o The storage capacity for CO2 and the distance between the sources 
and the potential storage locations need to be accurately accounted 
for given the potential competition from the power and industry 
sectors as well as the neighbouring regions. This will improve the 
cost data for CO2 transportation, resulting in more realistic estimates 
for CCS costs and potentials. 

o The biomass demand from all sectors of the economy needs to be 
included to optimize the allocation of biomass supply from an 
economic and environmental point of view.  

 
8.4.3 Conclusions and recommendations 
We quantify the potentials of two low-carbon technologies (biomass and CCS) to 
reduce industrial fossil fuel demand and the related CO2 emissions. Although a large 
share (approximately 70%) of the CO2 emissions in the Dutch industry are released by 
a few carbon-intensive plants which are suitable for CO2 capture, the associated costs 
represent an important barrier. The combined economic potential of CCS and energy 
efficiency technologies is insufficient to reach the goals of EU’s long term climate 
policy goals of 59-64% in 2040. Likewise, the economic potentials of biomass use as 
fuel and feedstock alone will result in only limited CO2 reductions worldwide. In view 
of the limited sustainable biomass supply worldwide, it is important to note that the 
total (technical) potential of biomass use in industry is substantial (100-120 EJ). Half 
of this potential is related to biomass use as feedstock for the chemical and 
petrochemical, an application where energy efficiency technologies do not offer any 
CO2 saving potentials (see Chapter 3). To achieve substantial reductions in the total 
fossil fuel demand and the CO2 emissions, industry needs to simultaneously pursue 
the implementation of CCS, renewable energy sources (of which biomass is by far the 
most important) and energy efficiency technologies. 
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The development and deployment of technologies for industry will only be 
possible if governments collaborate to develop and implement integrated energy, 
material, agriculture and resource policies to support long term sustainability goals. 
These policies must aim for continuous innovation to develop and deploy cost-
effective CCS technologies as well as technologies to efficiently generate process 
energy from low-CO2 fuels and produce chemicals and polymers from biomass. 
Industry, academia and governments need to collaborate to develop sectoral and 
regional roadmaps that identify the required technologies over time and quantify the 
related CO2 saving potentials and finance needs. This will provide the framework for a 
transition to a sustainable global industry in the long term. 
 
8.5 Overall conclusions and further research 
In this thesis, we assess the energy use and CO2 emissions of the industry for the 
short and long term for a number of countries and regions and for the world as a 
whole. The results show that there are unexploited potentials of energy efficiency 
improvements in the industry, in particular compared to historical achievements. In 
addition, by simultaneously increasing the share of cost-effective opportunities of 
biomass use in the fuel mix of industry and by deploying CCS technology, long term 
goals of ambitious climate policies can be reached. At the same time, the results of this 
thesis need to be refined with more accurate and comprehensive data. The reliability 
of our findings is limited in some cases due to the inconsistencies in the input data. In 
view of these findings, we draw overall conclusions and summarize the key 
recommendations for future research as follows: 

• Energy use data reported in national and international energy statistics need 
to be continuously checked with bottom-up data. The publication of reliable 
benchmarking curves by industry and consultants should be stimulated; this 
can dramatically improve the understanding of energy efficiency potentials. In 
turn, this could instigate a technology race towards more energy efficient 
solutions. All available data sources should be tapped for this purpose; e.g., 
after a given period of time, also data from the EU Emissions Trading 
Scheme (EU-ETS) and similar policy frameworks in other regions should be 
published. 

• Compared to the level of transparency and data quality achieved in the 
transportation and residential sectors, industry sector is lagging behind in the 
development of labeling systems (e.g., as they are implemented for the CO2 
emissions of passenger cars or the energy performance of buildings) as well as 
information sharing. This shortcoming results from two obstacles: (i) there 
are yet no frameworks to ensure consistent data collection, and related to this, 
(ii) energy and material flows in the industry are complex. These issues require 
particular attention from industry associations and policy makers. 
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• Both biomass use and CCS technology offers potentials for CO2 emission 
savings, but come along with trade-offs. Biomass use has impacts on 
biodiversity, water use and it increases GHG emissions due to iLUC. 
Similarly, CCS implies an energy penalty and causes additional environmental 
impacts, with the exception of the contribution to global warming. Therefore 
both in the short and long term more attention should be paid to energy 
efficiency technologies. 

• Reducing industrial energy demand and the related CO2 emissions requires 
new climate and energy policies across sectors. By developing industry 
initiatives and sectoral roadmaps, policy makers and industry can utilize the 
existing and untapped potentials of technologies to reduce industrial fossil 
fuel demand and CO2 emissions. In this way industry can make a substantial 
contribution to achieving the goals of international climate policy. 

 
Industry is a key sector to reduce fossil fuel-demand and mitigate CO2 

emissions. This thesis shows that there are large potentials for a transition to a low-
carbon and sustainable industry that can be realized by developing and deploying a 
mix of technologies. Such a transition needs to accommodate the increasing materials 
demand from developing countries, ensure the security of sustainable energy supply 
and tackle the negative impacts of fossil fuel use on human health and environment.  
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369 Summary 
 

 

Summary 
 
Currently, the industry sector accounts for 30% of the total final energy demand 
worldwide (including feedstocks) and almost all process and feedstock energy required 
for the production of materials are provided by fossil fuels. Global demand for bulk 
materials will continue to increase due to the growing population and rising wealth, in 
particular in developing countries and economies in transition (represented by non-
OECD countries in this thesis). As a consequence of increased industrial activity, 
fossil fuel demand is expected to grow. There are several problems related to the use 
of fossil fuels, such as their unequal geographic distribution, depletion, security of 
energy supply and impacts on the environment and human health. These problems led 
to national and international policy responses as well as industry initiatives with the 
aim to reduce industrial fossil fuel use and the related carbon dioxide (CO2) emissions. 
For example, European Union (EU) plans to reduce its greenhouse gas (GHG) 
emission by 83-87% by 2050 compared to 1990 levels. 
 

A large body of literature deals with issues related to monitoring of industrial 
energy use and CO2 emissions, assessment of the potentials of low-carbon 
technologies and the development of long term scenarios. However, in these 
assessments knowledge gaps and large uncertainties continue to exist. More analysis 
can improve the evaluation of past energy and climate policies and help to develop 
policies for the future. Primarily, our understanding of current and past industrial 
energy use needs to be improved. Furthermore, historical findings of industrial energy 
use need to be better integrated with the projections of long-term industrial energy use 
to quantify the potentials of improving energy efficiency. Finally, the technical and 
economic potentials of other low-carbon technologies need to be studied in order to 
understand to which extent they can contribute to CO2 emission reductions in the 
industry. In this thesis, the opportunities of the industrial use of biomass and 
application of CO2 capture and storage (CCS) are studied in relation to the potentials 
for energy efficiency improvement. For these technologies, most analyses quantify the 
potentials for a specific industrial process only and only few of them quantify the 
sector level potentials of technologies by covering as many countries as possible. 
These knowledge gaps form the starting points of our research where we address 
three research questions related to industrial energy use and CO2 emissions: 

(i) What is the current industrial energy use (based on energy use data and 
production volumes available at sector and plant level) and what are the 
short-term energy efficiency improvement potentials in industry in 
OECD and non-OECD countries based on best practice technologies? 

(ii) Which rates of annual energy efficiency improvements did the industry 
sectors achieve in the past and to which extent can energy efficiency 
technologies accelerate the rates of improvement in future? 
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(iii) Which industry sectors have the largest technical and economic potentials 
for CO2 capture and storage (CCS) and biomass use and to what extent 
can these technologies contribute to the reduction of industrial CO2 
emissions? 

 
The first research question is addressed in Chapters 2 and 3 by analyzing the 

industrial energy use of energy-intensive sectors for a number of countries, regions 
and the world as a whole. For this purpose, sector level data from international energy 
statistics is combined with plant data from energy benchmarking surveys. To address 
the second research question, Chapters 4 and 5 report on monitoring historical 
industrial energy efficiency of Germany’s basic chemical industry and the six energy-
intensive sectors of the Netherlands based on national energy statistics. The findings 
are combined with the potentials of energy efficiency technologies to develop 
scenarios for industrial energy use. Chapter 6 addresses the third research question by 
using scenario results of the Dutch industry in Chapter 5 and quantify the extent 
energy efficiency technologies and CCS could contribute to industrial CO2 emission 
reductions in the long term. In Chapter 7, a separate assessment of industrial biomass 
use is conducted to estimate its long term potentials in OECD and non-OECD 
countries and the world as a whole.  
 

In the following the main results are summarized by chapter: 
 

Chapter 2 reports on the analysis of energy use of the 17 most energy-
intensive sectors (86 exajoules EJ)) which represent more than 60% of the total final 
industrial energy use worldwide in 2007 (139 EJ). Final energy saving potentials are 
estimated at 33 ± 10 EJ in heat and electricity use if best practice technologies (BPTs) 
(defined as international benchmark) is implemented in all production processes. This 
is equivalent to 27 ± 8% of total global final industrial energy use compared to the 
international benchmark (excluding feedstocks) and we estimate that about three-
quarters of the potentials are located in non-OECD countries (24 ± 7 EJ; or 29 ± 8% 
of savings). When best available technologies (BATs) are considered, worldwide 
energy saving potentials are by approximately 10 percent points larger. 
 

Chapter 3 estimates the energy efficiency improvement potential of the 
chemical and petrochemical sector of 15 countries and the world as a whole based on 
the 66 key products of the sector if all production processes were to implement BPTs. 
Based on two approaches, similar estimates of the sector’s total final energy use 
worldwide were found as 27 ± 5 EJ for BPTs (including feedstock). This is equivalent 
to an energy saving potential of 5 ± 1 EJ or 15 ± 4% compared to the sector’s total 
process heat and feedstock use of 32 EJ (excluding electricity). However, at country 
level, significant differences are found in the improvement potentials estimated based 
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on the two approaches which points to uncertainties in input data. By accounting for 
the potentials of process integration, higher rates of product recycling and more 
combined heat and power (CHP), total energy savings of 11 ± 2 EJ (including the 
BPTs in electricity use) are identified. This is equivalent to 34 ± 6 % energy efficiency 
improvement potential compared to the sector’s total worldwide final energy use of 35 
EJ (including feedstocks and electricity use). 
 

The thesis provides for the first time a compilation of benchmark curves for a 
substantial number of sectors. For those sectors producing numerous products (e.g., 
iron and steel sector), the analysis is complemented by developing Energy Efficiency 
Index (EEI) values which is an indicator relating a sector’s total final energy use 
according to the international energy statistics to its energy use if all of its processes 
were operated at the level of BPT. This combination of methodologies allows to 
provide estimates of current energy use and the energy saving potentials for sectors 
which are often excluded from such analysis. Specific to the chemical and 
petrochemical sector, we analyzed its current and BPT energy uses by estimating EEI 
values based on two approaches. For various industry sectors, our research quantifies 
the short term potentials of energy efficiency, but both analyses are subject to 
uncertainties and therefore data quality needs to be improved for target setting and 
country comparisons.  
 

The research on measuring current industrial energy use and the short-term 
energy efficiency improvement potentials is concluded with the following 
recommendations for policy makers, energy statisticians and industry associations: 

(i) Energy benchmarking surveys need to be extended by increasing the 
participation of non-OECD countries and by collecting energy use data 
from less energy-intensive sectors with the collaboration of industry 
associations and governments. This will allow to establish energy 
benchmarking as key tool for the analysis of current industrial energy use.  

(ii) The quality of international energy statistics (required to develop EEI) 
needs to be improved by correctly allocating the energy use covered 
under the non-specified industry item to sectors that actually use this energy, 
in particular for non-OECD countries. 

(iii) The fuel and feedstock energy use values of the chemical and 
petrochemical sector reported by companies to energy statistics need to 
follow the questionnaires of the International Energy Agency (IEA) and 
they need to be standardized across all countries in order to ensure that 
analysis focuses on the sector’s process energy use only. 

 
The second research question is addressed by developing two bottom-up 

models to monitor historical industrial energy efficiency according to EEI values 
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established based on national energy statistics of Germany and the Netherlands. 
Subsequently, we use this information to project baseline scenarios. In Chapter 4, the 
bottom-up model PIE-Plus estimates 239 petajoules (PJ) of final process energy use 
and 793 PJ of non-energy use (NEU) for Germany’s basic chemical industry for the 
base year of the analysis (2000), covering more than 85% of the sector’s total final 
energy use compared to German Energy Balances. By using national and international 
energy statistics, sector’s fuel and heat use improvements is estimated at 3.4% per 
annum (p.a.) (confidence intervals between 1.8% and 5.0%) in the period 1995-2008 
based on the NEU definitions of the German Energy Balances (semi-net). Re-
estimating the improvements based on net definitions of NEU and for different time 
periods (i.e., 1995 and end years between 2006 and 2008), results in a wider range of 
improvements between 2.1% and 5.9% p.a. Errors have been found in reported 
energy use values as well as inconsistencies in the definitions of NEU across different 
years in both national and international energy statistics. Furthermore, differences are 
identified in the energy use values reported in national and international energy 
statistics since IEA Energy Statistics did not fully implement the revisions which took 
place at national level. 
 

Chapter 5 estimates annual energy efficiency improvements of 1.0% p.a. 
(confidence intervals between -0.3% and 2.3% p.a.) for the total process energy use of 
the six energy-intensive sectors in the Netherlands between 1993 and 2008 based on 
our model FYSI 2.0. Uncertainties are identified in the fuel and heat use and NEU of 
the Dutch chemical industry and petroleum refineries due to inconsistencies in the 
definitions of NEU across different years and possibly due to wrong allocation of 
process energy use between these sectors. Extending the findings of FYSI 2.0 along 
with other historic developments (for the period 1989-2008) annual improvement 
potentials are projected at 0.6-1.8% p.a. between today and 2040 (average 1.1% p.a.). 
If all industrial processes in the Netherlands were to implement BPTs by 2025 and 
new and emerging technologies by 2040, annual improvement rates can be doubled 
from historic levels of 1.1% to 2.0% p.a. (confidence intervals between 1.5% and 
2.5%) for the period 2008-2040. The analysis shows that improving industrial energy 
efficiency will remain to be a key factor to achieve long term climate policy targets. 
 

The PIE-Plus bottom-up model, has a high coverage (>85%) of German 
basic chemical industry’s total final energy use for the base year 2000 by including the 
production processes of 139 chemicals. This is a step forward in the sector’s energy 
analysis compared to earlier bottom-up models which reached a maximum coverage 
of 70%. Due to the model’s large product scope, it is a useful tool to analyze the 
sector’s fuel and heat use and NEU patterns as well as to check the quality of the 
energy statistics. The FYSI 2.0 bottom-up model provides the same advantage to 
check the quality of the Dutch energy statistics, but it also allows conducting an 
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independent check of the published results of the past industrial energy policies in the 
Netherlands and developing future energy use scenarios. However, both analyses are 
subject to uncertainties due to limited energy data availability. Data reported in energy 
statistics require more attention in future. 
 

The research on monitoring historical industrial energy efficiency and 
developing scenarios leads to the following recommendations for policy makers, 
energy statisticians and the industry: 

(i) The quality of national and international energy statistics of the chemical 
industry needs to be improved to ensure that they are suitable for 
monitoring historical industrial energy efficiency. For years where 
reported energy use data has been revised at national level, international 
energy statistics need to be updated for consistency. This requires strong 
collaboration from energy managers of companies and energy 
statisticians. Furthermore, reported energy use in energy statistics needs 
to be continuously monitored by bottom-up models to provide early 
warnings about the possible errors.  

(ii) By extending energy benchmarking surveys, more region and time 
specific SEC values of the industry sectors need to be collected. Likewise, 
more sectors need to be active to establish industry initiatives which are 
useful to collect and share sector specific technology information. By 
extending such industrial data collection frameworks, short and long term 
projections of energy efficiency can be improved. This is also required for 
target setting and to develop new industrial energy and climate policies.  

 
The third research question is addressed by estimating the short and long 

term potentials of measures other than industrial energy efficiency. For this purpose, 
the FYSI 2.0 bottom-up model is modified to estimate the potentials of energy 
efficiency technologies and CCS for the Dutch industry. The potentials of biomass are 
analyzed as fuel source to generate low and medium temperature process steam and as 
feedstock to produce chemicals and polymers for the world as a whole. 

 
It is estimated in Chapter 6 that energy efficiency technologies can decrease 

total industrial CO2 emission in the Netherlands by 38 ± 15% compared to the frozen 
efficiency scenario (74 ± 8 megatonnes (Mt) CO2 per year); this would require a CO2 
price level of at least 92 € (Euro2008) per tonne CO2 by 2040 (or USD2008 (US Dollars) 
135 per tonne CO2). In comparison to 1990 levels, economic potentials of energy 
efficiency technologies can reduce Dutch industry’s total CO2 emissions by 25 ± 8%. 
This is lower than the long term CO2 emission reduction goals of EU (i.e., 59-64% 
reductions by 2040 compared to 1990 levels). By combining the economic potentials 
of energy efficiency technologies with those of CCS (in the fertilizer and iron and steel 
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sectors as well as the refineries), 40-49% lower emissions in 2040 are estimated when 
compared to 1990 levels. This is still insufficient to meet the EU’s emission reduction 
goals. Furthermore, realizing these potentials would reduce the annual energy 
efficiency improvement potentials from 2.0% (confidence intervals between 1.5% and 
2.5%) to 1.6% (confidence intervals between 1.3% and 1.9%). This shows that 
additional measures need to be taken to reduce industrial CO2 emissions beyond the 
potentials of CCS and energy efficiency technologies. 
 

In Chapter 7, 85-97 EJ/yr technical substitution potential is estimated for 
biomass for the global industry sector in 2030. About 55-60% of this demand is 
related to steam generation and the remaining 40-45% is related to the demand for 
materials. By comparing the cost estimates of using biomass as fuel and feedstock to 
the baseline CO2 price level worldwide (USD 40 per tonne CO2 in OECD countries) 
and by analyzing the market dynamics of bio-based materials, economic potentials of 
20 EJ (25% of the technical potentials) are found. The economic potentials of 
biomass demand could double in the long term (2050) to 38-45 EJ with more than 
80% of the total demand located in non-OECD countries. This would save 2.0-2.4 Gt 
CO2 emissions worldwide. For a mix of technologies representing the average of the 
current and future situation, bio-based materials are on average less resource efficient 
(0.030 ± 0.018 t CO2 per gigajoule (GJ) biomass) compared to bio-based steam (0.069 
± 0.005 t CO2/GJ biomass), but there are concrete examples which show that bio-
based materials can reach and also exceed the performance of bio-based steam. 
 

The thesis provides valuable information for the industry sector with regard 
to the technical and economic potentials of energy efficiency technologies, CCS and 
biomass use. As opposed to literature which often focuses on generic process designs, 
the thesis quantifies the potentials at sector level by covering a large share of industrial 
fossil fuel demand and the related CO2 emissions. The research also identifies the 
R&D focus areas and the policy needs required to develop these technologies as well 
as the extent to which energy efficiency technologies, CCS and biomass can jointly 
contribute to meet the goals of ambitious climate policies for the industry sector. The 
sector level analyses, however, need to be improved and supported by plant level 
analysis since we rely on various assumptions and generic data.  
 

The research on the potentials of measures other than energy efficiency 
technologies lead to the following recommendations for policy makers and the 
industry: 

(i) The potential of industrial energy efficiency technologies is large, but 
alone, it will not be sufficient to meet the stringent goals of long-term 
climate policy. Therefore, industry needs to simultaneously implement 
CCS and renewable energy sources (of which biomass is the most 
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important). Biomass is particularly important to substitute chemical 
industry’s fossil fuel-based feedstock use for which CCS and energy 
efficiency do not represent an alternative. 

(ii) Future technology assessments need to evaluate and take into account the 
trade-offs of the various measures including, for example, impacts of 
biomass use on biodiversity, water use, additional GHG emissions due to 
indirect land use change, energy penalty and the environmental impacts 
related to CCS, next to rebound effects related to the energy efficiency 
technologies. The trade-offs and their implications need to be accounted 
for in new policies. 

(iii) Although a large share of industrial energy use is covered in this thesis, 
our sector level assessments of low-carbon technologies are subject to 
uncertainties and therefore provide first order estimates of their cost-
effectiveness. The analysis needs to be complemented with more accurate 
plant level analysis.  

 
New energy and climate policies and technology roadmaps need to be 

developed with collaboration from industry, academia and governments and by taking 
into account above recommendations. These new policies and roadmaps also need to 
be integrated with the sustainability goals of material, agriculture and resource policies 
to ensure a transition to a sustainable industry in the long term. 
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Samenvatting 
 
De industriële sector heeft momenteel een aandeel van 30% in de huidige wereldwijde 
finale energievraag (inclusief grondstoffen). Tevens zijn bijna alle energiedragers die 
benodigd zijn voor de vervaardiging van materialen afkomstig van fossiele bronnen. 
De wereldwijde vraag naar bulkmaterialen zal blijven toenemen als gevolg van een 
groeiende bevolking en een hogere levensstandaard, met name in ontwikkelingslanden 
en transitie-economieën (in dit proefschrift aangeduid als niet-OECD landen). Door 
de toenemende industriële productie zal de vraag naar fossiele brandstoffen naar 
verwachting blijven stijgen. Er zijn verschillende problemen gerelateerd aan het 
gebruik van fossiele brandstoffen, zoals de ongelijke wereldwijde verspreiding van 
fossiele bronnen, de uitputting van reserves, de onzekerheid van een constante 
aanvoer en de negatieve effecten op het milieu (o.a. klimaatverandering, verzuring) en 
de volksgezondheid. Deze problemen hebben geleid tot nationale en internationale 
beleidsmaatregelenen en initiatieven van de industrie om het gebruik van fossiele 
brandstoffen en de daaraan gerelateerde koolstofdioxide (CO2) emissies te 
verminderen. Een voorbeeld hiervan is de Europese Unie (EU) die voor 2050 het 
voornemen heeft om de broeikasgasemissies van de industriële sector met 83-87% te 
verminderen ten opzichte van de waardes van 1990. 
 

Een aanzienlijke hoeveelheid literatuur behandelt verschillende kwesties met 
betrekking tot het monitoren van het energieverbruik en de CO2-uitstoot van de 
industriële sector, het beoordelen van het potentieel van koolstofarme technologieën 
en het ontwikkelen van lange termijn scenario’s. Echter, er zijn nog hiaten in de 
huidige wetenschappelijke kennis en grote onzekerheden. Verdere analyses zou de 
evaluatie van historische energie- en klimaatbeleidsmaatregelen kunnen verbeteren 
waardoor de ontwikkeling van toekomstige beleidsmaatregelen verbeterd kan worden. 
Met name ons begrip van het huidige en historische energieverbruik door industrieële 
activiteiten dient verbeterd te worden. Ook moeten de historische bevindingen van 
het energieverbruik door de industrie beter geïntegreerd worden in de projecties van 
het industrieel energieverbruik op lange termijn teneinde het potentieel voor 
verbetering van de energie-efficiëntie te kunnen kwantificeren. Ten slotte moeten de 
technische en economische mogelijkheden van andere koolstofarme technologieën 
onderzocht worden om het potentieel van grootschalige reductie in CO2-emissies in 
de industriële sector beter te kunnen begrijpen. In dit proefschrift worden de 
mogelijkheden van het industrieel gebruik van biomassa en toepassing van CO2-
afvang en-opslag (CO2 capture and storage: CCS) technologie onderzocht, ook met 
betrekking tot de mogelijkheden voor verbeteringen in energie-efficiëntie. De meeste 
beschikbare analyses kwantificeren deze mogelijkheden alleen voor een specifiek 
industrieel proces en slechts enkele studies kwantificeren de potentiëlen van een 
technologie op sectorniveau voor een groot aantal landen. Deze kennishiaten vormen 
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het uitgangspunt van dit onderzoek. Wij hebben hiertoe drie onderzoeksvragen 
geformuleerd die zijn gerelateerd aan het energieverbruik en de CO2-emissies van de 
industrie: 

(i) Wat is het huidige energiegebruik van de industrie (gebaseerd op 
beschikbare gegevens over energiegebruik en productievolumes op 
sector- en fabrieksniveau), en hoe groot is voor de korte termijn het 
potentieel van energie-efficiëntieverbeteringen op basis van de best 
beschikbare technologie in de industrie voor zowel de OECD als de niet-
OECD landen? 

(ii) Welke jaarlijkse verbetering in energie-efficiëntie heeft de industriële 
sector in het verleden gerealiseerd, en in welke mate kunnen energie-
efficiëntietechnologieën deze trend in de toekomst versnellen? 

(iii) Welke industriële sectoren hebben het grootste technische en 
economische potentieel voor CO2-afvang en opslag (CO2 capture and 
storage: CCS) en het gebruik van biomassa, en in welke mate kunnen 
deze technologieën bijdragen aan het verminderen van de CO2-uitstoot 
door de industrie? 

 
De eerste onderzoeksvraag wordt behandeld in de hoofdstukken 2 en 3 door 

het energieverbruik van energie-intensieve industriële sectoren in meerdere landen, 
regio’s en wereldwijd te analyseren. Hiertoe zijn internationale energiestatistieken op 
sectorniveau gecombineerd met data van energie-benchmarking studies. Om de 
tweede onderzoeksvraag te behandelen wordt in de hoofdstukken 4 en 5 het 
monitoren van de historische industriële energie-efficiëntie van de basischemie in 
Duitsland en de zes energie-intensieve sectoren in Nederland op basis van nationale 
energiestatistieken behandeld. De bevindingen zijn gecombineerd met de potentiëlen 
van energie-efficiëntietechnologieën om scenario’s over het energieverbruik van de 
industrie te ontwikkelen. Hoofdstuk 6 behandeld de derde onderzoeksvraag door de 
resultaten van scenario’s van de Nederlandse industrie uit hoofdstuk 5 te gebruiken. 
Hiermee kan men de impact van energie-efficiëntietechnologieën en CCS 
kwantificeren en de impact van deze technologien op de lange termijn voor het 
verminderen van de industriële CO2-emissies. In hoofdstuk 7 wordt een afzonderlijke 
evaluatie van het industriële gebruik van biomassa uitgevoerd om een schatting te 
geven van het lange termijn potentieel in OECD landen, niet-OECD landen en 
wereldwijd. 
 

De belangrijkste resultaten samengevat per hoofdstuk zijn: 
 

Hoofdstuk 2 behandelt de analyse van het energieverbruik van de 17 meest 
energie-intensieve sectoren (met een totaal gebruik van 86 exajoules (EJ)) die 
verantwoordelijk zijn voor meer dan 60% van het totale wereldwijde finale industriële 
energiegebruik in 2007 (139 EJ). Het potentieel voor besparing in het finale gebruik 
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van  warmte en elektriciteit worden geschat op 33 ± 10 EJ indien de best practice 
technologien (BPTs) (gedefinieerd als de internationale benchmark), toegepast worden 
in alle productieprocessen. Dit is equivalent aan besparing van 27 ± 8% van het totale 
wereldwijde industriële finale energieverbruik vergeleken met de internationale 
benchmark (exclusief grondstoffen) en wij schatten dat ongeveer drie kwart van dit 
potentieel zich bevindt in niet-OECD landen (24 ± 6 EJ, of 29 ± 8% van de 
besparing). Als naar best available technologieën (BATs) wordt gekeken, zijn de 
wereldwijde energiebesparingspotentiëlen ongeveer 10 procentpunten hoger. 
 

Hoofdstuk 3 geeft een schatting van het verbeteringspotentiëlen in energie-
efficiëntie van de chemische en petrochemische sector van 15 landen en van de gehele 
wereld op basis van 66 belangrijke producten van de sector indien alle 
productieprocessen BPT toepassen. Aan de hand van twee methodes zijn 
vergelijkbare schattingen van het wereldwijde finale energieverbruik van de sector 
berekend, namelijk 27 ± 5 EJ (inclusief grondstoffen) indien BPT toegepast wordt. 
Dit is equivalent aan een energiebesparingspotentieel van 5 ± 1 EJ wat overeenkomt 
met 15 ± 4% vergeleken met het totale verbruik van proceswarmte en energiedragers 
als grondstof van 32 EJ (exclusief elektriciteit). Echter, op nationaal niveau worden 
significante verschillen gevonden in de verbeteringspotentiëlen van de twee methodes. 
Dit duidt op onzekerheden in de gebruikte data. Door rekening te houden met de 
potentiëlen van procesintegratie, betere recycling van de producten en meer 
warmtekrachtkoppeling (WKK), is het mogelijk een totale energiebesparing van 11 ± 
2 EJ (inclusief BPT in het elektriciteitsverbruik) te realiseren. Dit is equivalent aan 34 
± 6% van het energiesparingspotentieel vergeleken met het wereldwijde finale 
energieverbruik van de sector van 35 EJ (inclusief grondstoffen en 
elektriciteitsverbruik). 
 

Dit proefschrift verschaft als eerste een compilatie van benchmarkgrafieken 
voor een aanzienlijk aantal sectoren. Van de sectoren die talrijke producten 
produceren (bijvoorbeeld de ijzer en staalsector) is de analyse aangevuld door het 
ontwikkelen van Energie-Efficiëntie Index (Energy Efficiency Index: EEI) waardes. 
EEI is een energie-indicator die per sector de verhouding weergeeft van het finale 
energieverbruik volgens de internationale energiestatistieken ten opzichte van het 
finale energieverbruik indien alle processen worden uitgevoerd met BPT. Deze 
combinatie van methodes maakt het mogelijk een schatting te maken van het huidige 
energieverbruik en de potentiele energiebesparing van sectoren die vaak niet in dit 
soort analyses meegenomen worden. Op basis van twee methodes is het huidige en 
BPT energieverbruik gekwantificeerd van de chemische en petrochemische industrie 
door de EEI waardes te schatten. In dit onderzoek zijn de korte termijn potentiëlen 
van energie-efficiëntie in diverse sectoren van de industrie bepaald. Echter, de analyses 
in zowel de Hoofdstukken 2 en 3 zijn onderworpen aan onzekerheden Betere 
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gegevens zijn nodig zijn om de analyse bruikbaar te maken voor het stellen van 
beleidsdoelen en het onderlingkunnen vergelijken van landen. 
 

Het onderzoek naar het meten van het huidige energieverbruik van de 
industrie en de potentiëlen van verbeteringen in energie-efficiëntie op korte termijn 
wordt afgesloten met de volgende aanbevelingen voor beleidsmakers, energiestatistici 
en de industrie: 

(i) Inventarisaties inzake energiebenchmarks moeten worden uitgebreid 
door de participatie van niet-OECD landen te vergroten en door het 
verzamelen van gegevens over het energieverbruik van minder energie-
intensieve industrieën in samenwerking met industrieverenigingen en de 
overheid. Hierdoor kan een energiebenchmark dienen als belangrijk 
instrument voor de analyse van het huidige industriële energieverbruik. 

(ii) De kwaliteit van internationale energiestatistieken (vereist voor het 
bepalen van EEI) moet verbeterd worden door de allocatie van het 
energieverbruik dat onder niet-specifieke industrie valt te corrigeren naar de 
sectoren die die energie ook daadwerkelijk gebruiken. Dit geldt met name 
voor niet-OECD-landen. 

(iii) Wanneer bedrijven in de chemische en petrochemische sector hun 
verbruik van energiedragers voor energie- en grondstofdoeleinden 
rapporteren aan nationale statistiekbureaus, moeten zij de vragenlijsten 
van de International Energy Agency (IEA) gebruiken. Deze dienen te 
worden gestandaardiseerd voor alle landen om te verzekeren dat de 
analyse alleen gericht is op het proces energiegebruik. 

 
De tweede onderzoeksvraag is behandeld door twee bottom-up modellen te 

ontwikkelen om zo de historische energie-efficiëntie van de industrie volgens de EEI 
waardes te monitoren op basis van de nationale energiestatistieken van Duitsland en 
Nederland. Vervolgens is deze informatie gebruikt om referentiescenario’s te 
ontwikkelen. Het bottom-up  model PIE-Plus uit hoofdstuk 4 schat voor het basisjaar 
van deze analyse (2000) het finale procesenergiegebruik op 239 petajoules (PJ) en een 
niet-energetische verbruik van 793 PJ voor de basischemie in Duitsland. Dit is meer 
dan 85% van het totale finale energieverbruik van de sector volgens de Duitse 
energiebalansen. Door nationale en internationale energiestatistieken te gebruiken 
worden de verbeteringen in het brandstof- en warmteverbruik van de sector geschat 
op 3,4% per jaar (met een betrouwbaarheidsinterval van 1,8% tot 5,0%) in de periode 
1995-2008, gebaseerd op de definities van niet-energetische verbruik van de Duitse 
energiebalansen (semi-net). Door de schatting van de verbeteringen te baseren op de net 
definities van niet-energetische verbruik en voor verschillende tijdperiodes (d.w.z.. 
beginjaar 1995 en eindjaren tussen 2006 en 2008) wordt een groter bereik tussen de 
2,1% en 5,9% per jaar gevonden. Fouten zijn gevonden in de gerapporteerde waardes 
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van het energieverbruik evenals tegenstrijdigheden in de definities van niet-
energetische verbruik van verschillende jaren in zowel nationale als internationale 
energiestatistieken. Ook zijn verschillen geïdentificeerd in de gerapporteerde waardes 
van het energieverbruik in nationale en internationale energiestatistieken doordat de 
IEA Energy Statistics de revisies die op nationaal niveau hebben plaatsgevonden niet 
volledig geïmplementeerd heeft. 
 

Hoofdstuk 5 schat op basis van het model FYSI 2.0 de jaarlijkse 
verbeteringen in energie-efficiëntie tussen 1993 en 2008 op 1,0% per jaar (met een 
betrouwbaarheidsinterval van -0,3% tot 2,3% per jaar) voor het totale energieverbruik 
van processen van de zes energie-intensieve sectoren in Nederland. Onzekerheden 
zijn geïdentificeerd in het brandstof-, warmte- en niet-energetische verbruik van 
energiedragers in de Nederlandse chemische industrie en olieraffinaderijen doordat er 
tegenstrijdigheden zijn in de definities van niet-energetische verbruik van 
energiedragers van verschillende jaren, en mogelijk ook door een verkeerde allocatie 
van het procesenergieverbruik tussen deze sectoren. Het uitbreiden van de 
bevindingen van FYSI 2.0 met andere historische ontwikkelingen voor de periode 
1989-2008 leidt tot een jaarlijks verbeteringspotentieel van 0,6-1,8% per jaar tussen nu 
en 2040 (gemiddeld 1,1% per jaar). Indien alle industriële processen in Nederland in 
2025 BPT zouden toepassen, en er in 2040 diverse nieuwe beschikbare technologieën 
worden toegepast, dan verdubbelt het jaarlijkse verbeteringspotentieel van de 
historische waarde 1,1% tot 2,0% per jaar (met een betrouwbaarheidsinterval van 
1,5% tot 2,5%) voor de periode 2008-2040. De analyse laat ook zien dat het 
verbeteren van de energie-efficiëntie van de industrie een belangrijke factor blijft om 
lange-termijn klimaatdoelstellingen te halen. 
 

Het PIE-Plus bottom-up model bestrijkt een groot gedeelte (>85%) van het 
finale energieverbruik van de basis chemische industrie in Duitsland voor het jaar 
2000 doordat het de productieprocessen van 139 chemicaliën omvat. Dit is een stap 
vooruit in de energieanalyse van de sector ten opzichte van de vroegere bottom-up 
modellen, welke maximaal 70% bestreken. Doordat het model een groot aantal 
producten bekijkt is het model een handig middel om patronen in het brandstof 
warmte, en niet-energetische verbruik van energiedragers in de sector te analyseren en 
om de kwaliteit van energiestatistieken te controleren. Het FYSI 2.0 bottom-up model 
heeft hetzelfde voordeel van het controleren van de kwaliteit van de Nederlandse 
energiestatistieken, maar maakt het ook mogelijk om een onafhankelijke controle van 
de gepubliceerde resultaten van historische industriële beleidsmaatregelen in 
Nederland uit te voeren en om scenario’s voor het toekomstige energieverbruik te 
ontwikkelen. Echter, beide analyses zijn onderhevig aan onzekerheden door de 
beperkte beschikbaarheid van gegevens van het energieverbruik. Het rapporteren van 
deze gegevens moet in de toekomst meer aandacht krijgen. 
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Onderzoek naar het monitoren van historische energie-efficiëntie in de 

industrie en het ontwikkelen van scenario’s heeft geleid tot de volgende aanbevelingen 
voor beleidsmakers, energiestatistici en de industrie: 

(i) De kwaliteit van nationale en internationale energiestatistieken van de 
chemische industrie dient verbeterd te worden teneinde de data geschikt 
te maken voor het monitoren van de historische energie-efficiëntie 
verbeteringen. Voor die jaren waarin de rapportage van het 
energieverbruik op nationaal niveau is gewijzigd moeten de internationale 
energiestatistieken ook aangepast worden om zo de consistentie te 
bewaren. Dit vereist goede samenwerking tussen energiestatistici 
enerzijds en energiemanagers van bedrijven anderzijds. Ook moeten de 
gerapporteerde waardes van het energieverbruik in de energiestatistieken 
continu gecontroleerd worden door bottom-up modellen om eventuele 
fouten in een vroeg stadium te ontdekken. 

(ii) Om de korte en lange termijn projecties van energie-efficiëntie te 
verbeteren is een uitbreiding vereist van energiebenchmark studies naar 
betere regionale en tijdspecifieke specifiek energieverbruik (SEC) 
waardes. Eveneens moeten meer sectoren actief betrokken worden bij 
industriële initiatieven die informatie van sectorspecifieke technologieën 
verzamelen en verspreiden. Door dergelijke industriële 
dataverzamelingsstructuren uit te breiden kunnen korte- en lange termijn 
projecties van energie-efficiëntie verbeterd worden. Dit is tevens nuttig 
voor het maken van doelstellingen en het ontwikkelen van nieuwe 
industriële energie- en klimaatbeleidsmaatregelen. 

 
De derde onderzoeksvraag is behandeld door schattingen te maken van de 

korte en lange termijn potentiëlen voor maatregelen anders dan industriële energie-
efficiëntie. Voor dit doel is het FYSI 2.0 model aangepast om de potentiëlen in kaart 
te brengen van energie-efficiëntietechnologieën en CCS voor de Nederlandse 
industrie. Het wereldwijde potentieel van biomassa is in kaart gebracht voor het 
gebruik als brandstof voor de productie van lage- en middelhogetemperatuur 
processtoom en het gebruik als grondstof voor chemicaliën en polymeren. 
 

In hoofdstuk 6 wordt aangetoond dat energie-efficiëntietechnologieën de 
totale Nederlandse industriële CO2-emissies kunnen verlagen met 38 ± 15% 
vergeleken met een scenario waarin de efficiëntie van de proces industrie constant is 
gehouden (74 ± 8 megaton (Mt) CO2 per jaar); dit vereist dat de CO2-prijs in 2040 
minstens 92 € (Euro2008) per ton moet zijn (of USD2008 (US dollars) 135 per ton CO2). 
Het economisch potentieel van alle energie-efficiëntietechnologieën kan de totale 
CO2-emissies van de Nederlandse industrie verminderen met 25 ± 8% ten opzichte 
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van het niveau in 1990. Dit is minder dan de lange termijn doelstelling van de EU 
(d.w.z.. 59-64% reductie in 2040 t.o.v. 1990). Door het combineren van het 
economisch potentieel van energie-efficiëntietechnologieën met het potentieel van 
CCS (in de kunstmest industrie, de ijzer en staal industrie en de olieraffinaderijen) is 
het mogelijk om een emissiereductie van 40-49% t.o.v. het niveau van 1990 te 
realiseren. Dit is nog steeds lager dan de doelstelling van de EU. Een neveneffect van 
het realiseren van deze potentiëlen is dat de jaarlijkse energie-efficiëntie verbetering 
potentiëlen gereduceerd worden van 2,0% (betrouwbaarheidsinterval tussen 1,5% en 
2,5%) naar 1,6% (betrouwbaarheidsinterval tussen 1,3% en 1,9%). Dit toont aan dat er 
additionele maatregelen nodig zijn om de industriële CO2-emissies te reduceren naast 
het potentieel van CCS en energie-efficiëntietechnologieën.  
 

In hoofdstuk 7 wordt beschreven dat het wereldwijde technisch potentieel 
voor het gebruik van biomassa ter vervanging van fossiele brandstoffen in de 
industriële sector tussen de 85 en 97 EJ per jaar ligt. Ongeveer 55-60% van dit 
potentieel voor industriële stoomproductie is, terwijl de resterende 40-45% is 
gerelateerd aan de vraag naar materialen. Door het vergelijken van de kostenraming 
voor het gebruik van biomassa als brandstof en grondstof met de wereldwijde 
referentieprijs van CO2 (USD 40 per ton CO2 in OECD landen), en het analyseren 
van de marktdynamiek van bio-gebaseerde materialen, is het mogelijk een economisch 
potentieel van 20 EJ (25% van het technisch potentieel) te schatten. Het economisch 
potentieel van het gebruik van biomassa kan op de lange termijn (2050) verdubbelen 
naar 38-45 EJ, waarvan meer dan 80% gerealiseerd kan worden in niet-OECD landen. 
Dit kan een wereldwijde emissiereductie van 2,0-2,4 Gt CO2 opleveren. Op biomassa 
gebaseerde materialen zijn over het algemeen minder grondstofefficiënt (0.030 ± 
0.018 t CO2 per gigajoule (GJ) biomassa) vergeleken met het gebruik van biomassa 
voor industriële stoomproductie (0.069 ± 0.005 t CO2/GJ biomassa) voor een 
technologiemix die het gemiddelde van de huidige en toekomstige situatie weergeeft. 
Maar er zijn aanwijzingen dat op biomassa gebaseerde materialen dezelfde efficiëntie 
kunnen behalen als biomassa voor industriële stoomproductie, of deze zelfs kunnen 
overtreffen. 
 

Dit proefschrift voorziet de industriële sector met waardevolle informatie met 
betrekking tot de technische en economische potentiëlen van energie-efficiëntie 
verbetering, CCS en het gebruik van biomassa. Daarnaast worden er in dit proefschrift 
op sectorniveau potentiëlen gekwantificeerd door het analyseren van een groot deel 
van het industriële fossiele brandstofgebruik en de daaraan verbonden CO2-emissies. 
Het onderzoek zoals beschreven in dit proefschrift heeft tevens R&D-focusgebieden 
geïdentificeerd, alsmede input geleverd voor beleid dat nodig is ter ondersteuning van 
de ontwikkeling van deze technologieën. Daarnaast draagt dit proefschrift bij aan het 
inzicht hoe en in hoeverre energie-efficiëntie technologieën, CCS en biomassa 
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gezamenlijk kunnen bijdragen aan het realiseren van de ambitieuze 
klimaatdoelstellingen voor de industriële sector. De analyses op sectorniveau, zoals 
gepresenteerd in dit proefschrift, kunnen worden verbeterd door het gebruik van 
daadwerkelijke data van fabrieken, aangezien wij vertrouwen op verscheidene 
aannames en generieke data. 
 

Het onderzoek naar de potentiëlen van maatregelen naast die van energie-
efficiëntietechnologieën, zoals beschreven in dit proefschrift, leidt tot de volgende 
aanbevelingen voor beleidsmakers en de industrie: 

(i) Het potentieel van energie-efficiëntietechnologieën in de industriële 
sector is groot, maar is op zichzelf niet genoeg om de ambitieuze lange 
termijn klimaatdoelstellingen te realiseren. Om deze doelstellingen toch te 
kunnen realiseren zal de industrie CCS en het gebruik van duurzame en 
hernieuwbare energiebronnen (waarvan biomassa de belangrijkste is) 
moeten implementeren. Biomassa is in het bijzonder een belangrijke 
vervanging voor het gebruik van fossiele grondstoffen in gevallen waarin 
CCS en energie-efficiëntietechnologieën geen alternatief zijn. 

(ii) De voor- en nadelen van verschillende maatregelen moeten goed worden 
onderzocht en afgewogen in toekomstige evaluaties van technologieën. 
Voorbeelden zijn bijvoorbeeld het effect van het gebruik van biomassa 
op biodiversiteit, waterverbruik, additionele broeikasgasemissies als 
gevolg van directe en indirecte veranderingen in landgebruik, en 
milieueffecten en vermindering van energie-efficiëntie gerelateerd aan 
CCS. Naast deze voorbeelden zal er rekening gehouden moeten worden 
met eventuele reboundeffecten. Al deze positieve en negatieve effecten 
van de voorgestelde maatregelen zullen moeten worden overwogen bij de  
formulering van nieuw en toekomstig beleid. 

(iii) Alhoewel een groot deel van het industriële energieverbruik behandeld is 
in dit proefschrift, blijven er onzekerheden bestaan met betrekking tot de 
analyse van koolstofarme technologieën. Het is daarom van belang te 
realiseren dat deze analyses een eerste orde analyse zijn van de 
kosteneffectiviteit van deze technologieën. De analyses zullen moeten 
worden aangevuld met actuele en accurate data afkomstig uit praktijk. 

 
Deze aanbevelingen zullen door de industrie, academici en overheden 

gebruikt moeten worden om gezamenlijk routekaarten voor toekomstig beleid ten 
aanzien van energie, klimaat en technologische ontwikkelingen op te stellen. Het 
nieuwe beleid wat hieruit volgt zal moeten worden geïntegreerd met de 
duurzaamheidsdoelstellingen ten aanzien van materialen, landbouw en grondstoffen 
om een transitie naar een duurzame industrie op de lange termijn te garanderen. 
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Sanayi sektörü, günümüzde dünyadaki nihai enerji kullanımının, hammadde olarak 
kullanılan enerji dahil, %30’unu teşkil etmektedir. Bu kullanımın neredeyse tümü fosil 
yakıtlardan sağlanmaktadır. Sanayi sektörünün çıktısı olan ürünlere olan ihtiyaç, nüfus 
artışı ve zenginleşmeyle birlikte artmaya devam edecektir. Bu artışın, en çok 
kalkınmakta olan ülkeler ve geçiş ekonomilerinden kaynaklanması beklenmektedir (bu 
tezde bu ülkeler Ekonomik Kalkınma ve İşbirliği Örgütü’ne dâhil olmayan ülkeler 
tarafından temsil edilmektedir). Sanayi üretimindeki bu artış nedeniyle fosil yakıtlarının 
kullanımının artması beklenmektedir. Fakat fosil yakıtlarının kullanımı ile ilgili bazı 
sorunlar vardır. Bu sorunlara örnek olarak, kaynakların eşitsiz bir şekilde dağılmış 
olması, enerji tedariğinin güvenliği ve fosil yakıtların kullanımı ile ilgili çevreye ve insan 
sağlığına verilen zararlar gösterilebilir. Bu sorunlar, sanayinin fosil yakıt kullanımı ve 
bununla ilgili olan karbondioksit (CO2) salınımlarının azaltılmasını amaçlayan, ulusal ve 
uluslararası politikaların düzenlenmesine ve sanayi girişimlerinin oluşmasına sebep 
olmuştur. Örneğin Avrupa Birliği (AB), 2050 senesinde, sera gazı salınımlarını 1990 
seviyesine oranla %83-87 oranında azaltmayı planlamaktadır. 
 

Birçok bilimsel çalışma, sanayi sektöründe enerji kullanımı ve CO2 
salınımlarının izlenmesi, düşük karbonlu teknolojilerin potansiyellerinin 
değerlendirilmesi ve uzun vadeli senaryoların geliştirilmesi konularıyla ilgilenmiştir. 
Buna rağmen, bu çalışmalarda belirsizlikler ve bilgi eksiklikleri bulunmaktadır. Daha 
fazla analiz, geçmişteki enerji ve iklim politika değerlendirmelerini geliştirilebilir ve yeni 
politikaların oluşturulmasına yardımcı olabilir. Öncelikle, geçmiş ve günümüzdeki 
sanayi enerji kullanımının daha iyi anlaşılması gerekmektedir. Ayrıca, geçmiş ile ilgili 
tespitler uzun vadeli sanayi enerji kullanım senaryolarına daha iyi entegre edilmelidir. 
Bu sayede uzun vadeli enerji verimliliği iyileştirme potansiyelleri hesaplanabilir. Son 
olarak, düşük karbonlu teknolojilerin sanayiden kaynaklanan CO2 salınımlarının 
azaltılmasına ne kadar katkıda bulunabileceğinin anlaşılması için, teknik ve ekonomik 
potansiyellerinin araştırılması gerekmektedir. Bu tezde, enerji verimliliği 
potansiyellerine oranla, sanayide biyokütle kullanımı ve karbon yakalama ve depolama 
(CO2 capture and storage: CCS) teknolojisinin sunduğu imkânlar araştırılmıştır. Çoğu 
çalışma, bu teknolojilerin tek bir sanayi prosesindeki potansiyellerini hesaplamakta ve 
sadece azı birçok farklı ülkenin enerji kullanımını kapsayarak sektör seviyesindeki 
potansiyellerini hesaplamaktadır. Araştırmamızın başlangıç noktalarını oluşturan bu 
bilgi eksiklikleri doğrultusunda, sanayide enerji kullanımı ve CO2 salınımları ile ilgili 
aşağıdaki üç araştırma sorusunu yöneltiyoruz: 

(i) OECD ve OECD ülkeleri dışındaki ülkelerde, günümüzde sanayi 
sektöründeki enerji kullanımı (tesis ve sektör seviyesinde enerji kullanımı 
ve üretim hacim verilerine dayanarak) ve en iyi uygulama teknolojileri 
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(best practice technology: BPT) kullanıldığında kısa vadedeki enerji 
verimliliği iyileştirme potansiyeli nedir? 

(ii) Sanayi sektörleri geçmişte hangi enerji verimliliği iyileştirme hızlarına 
erişmiştir ve enerji verimli teknolojiler bu hızları gelecekte ne kadar 
arttırabililirler? 

(iii) En yüksek teknik ve ekonomik biyokütle kullanım ve CCS potansiyeli 
olan sanayi sektörleri hangileridir ve bu teknolojiler sanayide CO2 
salınımlarının azaltılmasında ne kadar katkıda bulunabilirler? 

 
Bu tezin ilk araştırma sorusu, enerji kullanımı yüksek sektörlerin dünyadaki ve 

farklı ülke ve bölgelerdeki enerji kullanımı inclenerek 2. ve 3. bölümlerde 
cevaplanmıştır. Bu amaç doğrultusunda, uluslararası enerji istatisiklerinden sektör 
seviyesindeki enerji verileri, enerji benchmark taramalarından tesis seviyesindeki veriler 
ile birleştirilmiştir. 4. ve 5. bölümler Almanya temel kimya sanayisi ve Hollanda’daki 
enerji kullanımı yüksek altı sanayinin enerji kullanımını ulusal enerji istatistiklerine 
dayalı izleyerek ikinci araştırma sorusunu cevaplamıştır. Bu tespitler, enerji verimli 
teknolojilerin potansiyelleri ile birleştirilerek sanayi enerji kullanım senaryoları 
geliştirilmiştir. 5. bölümde geliştirilen senaryolar, 6. bölümde, bu tezin üçüncü 
araştırma sorusunu cevaplamak için ve enerji verimli teknolojiler ile CCS 
teknolojilerinin sanayide CO2 salınımlarını azaltılmasına ne kadar katkıda 
bulunabileceğini hesaplamak için kullanılmıştır. 7. bölümde OECD ve OECD ülkeleri 
dışındaki ülkelerde ve tüm dünyadaki sanayi sektörlerinde, biyokütle kullanımının uzun 
vadeli potansiyelleri değerlendirilmiştir. 
 

Ana sonuçlar aşağıda bölümlere göre özetlenmiştir: 
 

2. bölüm, 2007 senesinde dünya toplam sanayi enerji kullanımının (139 
egzajoule (EJ)) %60’ını kapsayan (86 EJ), enerji kullanımı en yüksek 17 sanayi 
sektörünü incelemektedir. Tüm üretim işlemlerinde, en iyi uygulama teknolojileri 
(uluslarası benchmark olarak tanımlanmıştır) uygulandığı takdirde, elektrik ve ısı nihai 
enerji tasarruf potansiyeli 33 ± 10 EJ olarak hesaplanmaktadır. Uluslarası benchmarka 
kıyasla, bu dünyadaki toplam sanayi enerji kullanımının %27 ± 8 eşdeğeridir 
(hammade olarak kullanılan enerji hariç). Toplam potansiyelin %75’i OECD 
ülkelerinin dışındaki ülkelerde bulunmaktadır. Eğer mevcut en iyi teknolojiler (best 
available technology: BAT) göz önünde bulundurulursa, dünyadaki enerji tasarruf 
potansiyeli yaklaşık 10 puan daha fazladır. 
 

3. bölümde, 15 ülke ve dünyanın kimya ve petrokimya sektöründeki 66 en 
önemli ürünün üretim proseslerinde en iyi uygulama teknolojileri kullanılarak elde 
edilebilecek enerji verimliliği iyileştirme potansiyelleri hesaplanmıştır. En iyi uygulama 
teknolojilerine göre, sektörün dünyadaki toplam enerji kullanımı iki farklı hesaplama 
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metoduna göre 27 ± 5 EJ olarak hesaplanmıştır (hammadde olarak kullanılan enerji 
dahil). Bu 5 ± 1 EJ veya sektörün toplam proses ısı ve hammadde enerji kullanımına 
oranla %15 ± 4 enerji tasarruf potansiyeline eşittir (elektrik kullanımı hariç). Fakat iki 
metod arasında, ülke seviyesindeki iyileştirme potansiyellerinde büyük farklılıklar tespit 
edilmiştir. Bu farklılıklar kullanılan verilerde belirsizlikler olduğunu göstermektedir. 
Üretim işlemlerinde entegrasyon, daha yüksek oranda geri dönüşüm ve daha fazla 
kojenerasyon kapasitesi ile ilgili potansiyeller göz önünde bulundurulduğunda, toplam 
enerji tasarruf potansiyeli 11 ± 5 EJ olarak hesaplanmıştır (elektrik kullanımındaki en 
iyi uyguluma teknolojileride dahil). Sektörün dünyadaki toplam 35 EJ enerji 
kullanımına kıyasla, bu %34 ± 6 enerji verimliliğini iyileştirme potansiyeline eşdeğerdir. 
 

Bu kadar çok sayıda sanayi sektörünün benchmark eğrileri ilk defa bu tez ile 
bir araya getirilmiştir. Birden fazla ürün üreten sektörler için (örn. demir çelik sektörü) 
bu analiz, Enerji Verimlilik Endeksi (Energy Efficiency Index: EEI) geliştirilerek 
tamamlanmıştır. Bu endeks, bir sektörün uluslararası enerji istatistiklerine göre olan 
toplam enerji kullanımının, en iyi uygulama teknolojileri kullanıldığındaki enerji 
kullanımına oranı üzerine belirlenmiştir. Benchmark eğrileri ve EEI kullanılarak 
bugüne kadar genellikle analizlerin dışında kalan sanayi sektörlerinin enerji kullanımları 
ve enerji tasarruf potansiyelleri hesaplanmıştır. Kimya ve petrokimya sektörünün 
bugünkü ve en iyi uygulama teknolojileri kullandığındaki toplam enerji kullanımı, iki 
farklı metod sayesinde EEI değerleri geliştirilerek analiz edilmiştir. Araştırma farklı 
sanayi sektörleri için kısa vadedeki enerji tasarruf potansiyellerini göstermesine 
rağmen, iki analizde belirsizliklere sahiptir ve bu sebeple veri kalitesi hedef belirlemek 
ve ülkeler arasında kıyas yapabilmek için geliştirilmelidir. 
 

Bu tezin günümüzde enerji kullanımının ölçülmesi ve kısa vadedeki enerji 
verimliliğinin iyileştirilme potansiyeli ile ilgili bölümleri, politika yapıcılara, enerji 
istatisikçilerine ve sanayi kuruluşlarına aşağıdaki önerilerle sonuçlandırılmıştır: 

(i) Enerji benchmark taramaları, sanayi birlikleri ve hükümetlerin işbirliğiyle, 
OECD ülkelerinin dışındaki ülkelerin katılımlarını sağlayacak ve enerji 
kullanımı düşük sektörlerin enerji kullanım verilerini de toplayacak şekilde 
genişletilmelidir. Bu aynı zamanda, enerji benchmark metodunun sanayide 
enerji kullanımının analizi için temel araç olmasını sağlayacaktır. 

(ii) Uluslararası enerji istatistiklerinin kalitesi (EEI geliştirilmesi için), 
tanımlanamamış sektörlerin enerji kullanımının, o enerjiyi gerçekte kullanan 
sektörlere doğru bir şekilde paylaştırılmasıyla arttırılmalıdır. Bu özellikle 
OECD ülkelerinin dışındaki ülkeler için geçerlidir. 

(iii) Firmalar tarafından enerji istatistiklerine raporlanan, kimya ve petrokimya 
sektörünün yakıt ve hammadde olarak kullanılan enerji değerleri, 
Uluslararası Enerji Ajansı’nın (International Energy Agency: IEA) 
anketlerini doğru bir şekilde takip etmeli ve raporlanan değerler sektörün 
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sadece üretim işlemleri için kullanılan enerji miktarlarının analizi için 
ülkeler arasında standartlaştırılmalıdır. 

 
İkinci araştırma sorusu, iki tüme varım modeli geliştirilmek vasıtasıyla ve 

ulusal enerji istatisiklerine dayanarak hesaplanan EEI değerleriyle, Almanya ve 
Hollanda sanayilerinde geçmişte gerçekleşen enerji verimliliği izlenerek cevaplanmıştır. 
Bu tespitler daha sonra referans enerji senaryoları geliştirilmek üzere kullanılmıştır. 4. 
bölümde, PIE-Plus tüme varım modeli, Almanya temel kimya sanayisinin üretim 
işlemleri ve hammadde olarak kullanılan nihai enerji kullanımını, analizin baz alınan 
senesi için (2000), sırasıyla 239 petajoule (PJ) ve 793 PJ olarak hesaplamaktadır. Bu 
Alman Enerji Dengesi’nde gösterilen sektörün toplam enerji kullanımının %85’inı 
kapsamaktadır. Ulusal ve uluslararası enerji istatisikleri kullanılarak, Alman Enerji 
Dengesi’nde belirtilen enerji dışı kullanım tanımlarına göre (semi-net), 1995 ve 2008 
arasında, sektörün gerçekleşen yakıt ve ısı kullanım iyileştirmesi senelik %3,4 (güven 
aralığı %1,8 ve %5,0 arasında) olarak hesaplanmıştır. İyileştirmeler enerji dışı 
kullanımların net tanımlarına göre tekrar hesaplandığında, %2,1 ve %5,9 arasında 
değişen daha geniş bir dağılım hesaplanmıştır. Hem ulusal hem de uluslararası enerji 
istatistiklerinde, raporlanan enerji kullanım değerlerinde hatalar ve enerji dışı kullanım 
tanımlarında istikrarsızlıklar tespit edilmiştir. Aynı zamanda, IEA tarafından hazırlanan 
uluslararası enerji istatisikleri ulusal seviyede gerçekleşen düzeltmeleri daha tamamen 
uygulumaya geçirmediği için, ulusal ve uluslararası enerji istatistikleri arasında 
raporlanan enerji kullanım değerleri arasında farklılıklar bulunmuştur.  
 

FYSI 2.0 tüme varım modeline göre, Hollanda’daki enerji kullanımı en yüksek 
olan altı sektörün üretim işlemlerindeki enerji verimliliği, 1993 ve 2008 yılları arasında 
senelik %1,0 hızında (güven aralığı %-0,3 ve %2,3 arasında) iyileşmiştir. Enerji dışı 
kullanım tanımlarındaki istikrarsızlıklar ve kimya sektörü ve rafinerilerin üretim 
işlemlerinde kullanılan enerjinin olası paylaştırma hatalarından dolayı, bu iki sektörün 
enerji istatistiklerinde raporlanan enerji kullanımlarında hatalar belirlenmiştir. FYSI 2.0 
modelinin tespitleri, geçmişte gerçekleşen enerji verimliliğindeki diğer gelişmeler ile 
birleştirildiğinde (1989 ve 2008 arasında), günümüz ve 2040 yılı arasında senelik %0,6-
1,8 enerji iyileştirme potansiyeli tespit edilmiştir. Eğer tüm üretim prosesleri, 2025 
senesinde en iyi uygulama ve 2040 senesinde yeni ve gelişmekte olan teknolojileri 
kullanırsa, 2008 ve 2040 arasında senelik iyileştirme hızı geçmişte gerçekleşen senelik 
%1,1 hıza oranla %2,0’ye (güven aralığı %1,5 ve %2,5), yani iki katına çıkabilir. Bu 
analiz uzun vadeli iklim politikalarının hedeflerine ulaşılması için, sanayide enerji 
verimliliğinin önemli bir unsur olduğunu göstermektedir. 
 

PIE-Plus tüme varım modeli, analizin baz yılında, 139 kimyasalın üretim 
işlemlerini kullanarak, Alman temel kimya sanayinin toplam enerji kullanımının 
%85’inden fazlasını kapsamaktadır. Daha önceki tüme varım modellerinin eriştiği 
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azami kapsama oranlarına kıyasla (%70), bu sektörün enerji analizinde bir ileri adımdır. 
Modelin geniş ürün yelpazesi sayesinde, sektörün yakıt ve ısı kullanımı ve enerji dışı 
kullanımı kolayca analiz edilebilmekte ve enerji istatistiklerinin kalitesi kontrol 
edilebilmektedir. FYSI 2.0 tüme varım modeli de, hem Hollanda enerji istatistikleri 
hem de Hollanda sanayisini ilgilendiren enerji politikalarının yayınlanmış sonuçlarının 
bağımsız kontrolü için aynı avantajı sunmaktadır. Ayrıca bu model enerji kullanım 
senaryolarının geliştirilmesine de yardımcı olmaktadır. Fakat her iki analizde 
kullanılabilir enerji verilerinin kısıtlılığından dolayı belirsizliklere tabidir. Enerji 
istatistiklerinde raporlanan veriler daha fazla itinaya gereksinim duymaktadır. 
 

Sanayide geçmişte gerçekleşen enerji verimliliği iyileştirmeleri ve enerji 
senaryolarının geliştirilmesi konusundaki araştırma, politika yapıcılar, enerji 
istatistikçileri ve sanayi kuruluşları için aşağıdaki önerilerle sonuçlandırılmıştır: 

(i) Kimya sektörünün ulusal ve uluslararası enerji istatistiklerinin kalitesi, 
enerji verimliliğinin izlenmesini sağlamak için geliştirilmelidir. Ulusal 
seviyede gerçekleşen düzeltmeler, tutarlılığın güncellenmesi açısından 
uluslararası enerji istatistiklerinde de uygulanmalıdır. Bunun gerçekleşmesi 
için firmaların enerji yöneticileri ve enerji istatistikçilerinin işbirliğine 
gereksinim duyulmaktadır. Ayrıca, tüme varım modelleri ile enerji 
istatistiklerindeki olası hatalar raporlanan enerji kullanım verileri sürekli 
izlenerek bulunmalıdır. 

(ii) Enerji benchmark taramaları geliştirilerek, sektörlerden belli bölge ve 
senelere özgü spesifik enerji kullanım (specific energy consumption: SEC) 
verileri toplanmalıdır. Sektörlere özgü teknoloji bilgilerinin ve veri 
paylaşımı için, daha fazla sektör sanayi girişimleri kurmak için harekete 
geçmelidir. Bu türlü veri toplama sistemleri gerçekleştirilerek, kısa ve uzun 
vadeli enerji verimliliği analizleri iyileştirilebilir. Bu ayrıca hedef belirleme 
ve sanayi ile ilgili yeni enerji ve iklim politikalarının geliştirilmesi için 
geçerlidir. 

 
Üçüncü araştırma sorusu kısa ve uzun vadede enerji verimliliği dışındaki diğer 

tedbirlerin potansiyellerinin analizi ile cevaplanmıştır. Bu amaç doğrultusunda, FYSI 
2.0 tüme varım modeli Hollanda sanayi için enerji verimli teknolojiler ve CCS 
teknolojisinin potansiyelleri hesaplamak için yeniden düzenlenmiştir. Biyokütlenin 
enerji kaynağı olarak düşük ve orta sıcaklıktaki proses buhar ve hammadde olarak 
kimyasal ve polimer üretimi için potansiyelleri tüm dünya için analiz edilmiştir. 
 

6. bölümdeki analize göre, enerji verimli teknolojiler Hollanda sanayinin CO2 
salınımlarını enerji verimliliğinde hiç iyileşmenin olmadığı bir senaryoya kıyasla (senelik 
74 ± 8 megaton (Mt) CO2), %38 ± 15 oranında azaltabilir. Bu senaryonun 
gerçekleşmesi için, bir ton CO2 fiyatının 92 € (Avro2008) olması gerekmektedir (veya 
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ton başına 135 USD2008 (Amerikan Doları)). Enerji verimliliğinin ekonomik 
potansiyeli, Hollanda sanayinin toplam CO2 salınımını 1990 senesine oranla %25 ± 8 
oranında azaltabilir. Bu, AB’nin planladığı uzun vadeli salınım azaltma hedeflerinden 
daha azdır (1990 senesine oranla 2040 yılında %59-64 azaltma). Toplam sanayinin 
2040 senesindeki CO2 salınımları, enerji verimli teknolojiler (tüm sanayi sektörlerinde) 
ve CCS teknolojisinin (gübre, demir çelik ve rafineriler) ekonomik potansiyelleri 
gerçekleştirilerek 1990 senesine oranla %40-49 azaltılabileceği hesaplanmıştır. Fakat bu 
potansiyeller de AB’nin planladığı azaltma hedeflerinden daha azdır. Bu potansiyellerin 
gerçekleşmesi, senelik enerji verimliliği iyileştirme potansiyellerinin, %2,0’den (güven 
aralığı %1,5 ve %2,5 arasında) %1,6’ya  (güven aralığı %1,5 ve %2,5 arasında) 
düşürebilir. Bu analize göre enerji verimli teknolojilerin ve CCS teknolojisinin 
potansiyellerden daha fazla CO2 salınım azaltılmasına erişilmesi için başka önlemlerin 
de alınması gerekmektedir. 
 

7. bölümde, 2030 senesinde biyokütlenin dünya sanayindeki teknik potansiyeli 
85-97 EJ olarak hesaplanmıştır. Bu potansiyelin %55-60’ı buhar üretimi ile ilgili, %40-
45’i kimyasal ve polimer üretimi ile ilgilidir. Biyokütlenin yakıt ve hammadde maliyet 
hesaplarının referans CO2 fiyatları (OECD ülkelerinde ton başına 40 USD) ile 
karşılaştırarak ve biyobazlı kimyasal ve polimerlerin pazar analizlerini yaparak, 20 EJ 
ekonomik potansiyel hesaplanmıştır (teknik potansiyelin %25’i). Uzun vadede (2050), 
biyokütle kullanımının ekonomik potansiyeli 2030’daki potansiyele oranla iki katına 
çıkabilir (38-45 EJ). Dünyadaki toplam biyokütle ihtiyacının %80’den fazlası OECD 
ülkelerinin dışındaki ülkelerden olacaktır. Bu potansiyel dünyada toplamda 2.0-2.4 
gigaton (Gt) CO2 salınımını azaltabilir. Günümüzdeki durumu temsil eden farklı 
teknolojilere bakıldığında, biyobazlı kimyasal ve polimerler (gigajoule (GJ) biyokütle 
başına 0.030 ± 0.018 ton CO2), biyobazlı buhara (GJ biyokütle başına 0.069 ± 0.005 
ton CO2) göre daha çok kaynak kullanmaktadırlar. Fakat somut örnekler 
göstermektedir ki, biyobazlı buharın performansına eşdeğer ve hatta onu geçebilecek 
biyobazlı kimyasal ve polimerler mevcuttur.  

 
Bu tez enerji verimliliği, biyokütle ve CCS teknolojilerinin teknik ve ekonomik 

potansiyelleri konusunda sanayi için değerli bilgiler vermektedir. Çoğunlukla genel 
üretim işlemlerine odaklanan bilimsel çalışmalara kıyasla, bu tez sektör seviyesinde 
sanayi enerji kullanımı ve bununla ilgili CO2 salınımlarının büyük bir miktarını 
kapsayarak teknolojilerin potansiyellerini hesaplamaktadır. Bu araştırma aynı zamanda 
bu teknolojilerin geliştirilmesi için gerekli araştırma ve geliştirme alanlarının 
belirlenmesine ve hangi politikaların geliştirilmesi gerektiği konularında tespitler 
yapmaktadır. Ayrıca sanayi sektörünü ilgilendiren yüksek hedefli iklim politikalarının 
hedeflerinin erişilmesine, enerji verimli teknolojiler, biyokütle ve CCS teknolojilerinin 
ne kadar katkıda bulunabileceğini göstermektedir. Fakat sektör seviyesinde yapılan bu 
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analizler değişik varsayımlar ve genel veriler üzerine yapılmış olduğu için, tesis 
seviyesindeki analizler ile iyileştirilmeli ve desteklenmelilidir. 

 
Enerji verimli teknolojilerin dışındaki teknolojilerin potansiyelinin araştırıldığı 

bu bölümden, politika yapıcılara ve sanayi kuruluşlarına aşağıdaki öneriler çıkmaktadır: 
(i) Sanayide enerji verimli teknolojilerin potansiyelleri büyük olmasına 

rağmen, tek başına bu teknolojilerin uzun vadeli iklim politikalarının 
hedeflerine ulaşması mümkün değildir. Bu nedenle sanayi aynı zamanda 
CCS ve yenilenebilir enerji kaynaklarını (biyokütle farklı kaynaklar 
arasında en önemlidir) uygulamaya geçirmelidir. Biyokütle kullanımı, 
kimya sektörünün fosil bazlı hammadde kullanımının azaltılması için bir 
fayda sağlamayan enerji verimli teknoloji ve CCS teknolojilerine kıyasla 
büyük önem arz etmektedir. 

(ii) Gelecekteki teknoloji değerlendirmeleri, farklı teknolojiler arasındaki 
avantaj ve dezavantajları göz önünde bulundurmalıdır. Bunlara, biyokütle 
kullanımının biyolojik çeşitlilik üzerindeki etkileri, su kullanımı, dolaylı 
alan kullanımı sebebiyle artan sera gazı salınımları, CCS teknolojisinin 
fazla enerji kullanımı ve çevresel etkileri, enerji verimli teknolojilerin 
yarattığı olumsuz dolaylı etkileri, örnek olarak verilebilir. 

(iii) Bu tezde sanayi enerji kullanımının büyük bir kısmı kapsanmış olsa da, 
düşük karbonlu teknolojilerin sektör seviyesindeki analizlerinde 
belirsizlikler vardır. Bu sebeple bu teknolojilerin maliyet etkinlik analizi 
sadece yaklaşık sonuçlar vermektedir. Bu analiz daha detaylı tesis analizleri 
ile tamamlanmalıdır. 

 
Yukarıdaki öneriler göz önünde bulundurularak, sanayi ve akademi kuruluşları 

hükümetler ile bir araya gelerek, yeni enerji ve iklim politikaları oluşturulmalı ve 
teknoloji yol haritaları geliştirilmelidir. Uzun vadede sürdürülebilir bir sanayiye geçiş 
için yeni politika ve yol haritaları aynı zamanda malzeme, tarım ve kaynak 
politikalarının sürdürülebilirlik hedeflerine de entegre olmalıdır. 
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List of abbreviations and units 
 
ABS acrylonitrile butadiene styrene 
ACC American Chemistry Council 
AEIR annual energy efficiency improvement rate 
AGEE-
Stat 

Arbeitsgruppe Erneuerbare Energien-Statistik  

BAFA Bundesamt für Wirtschaft und Ausfuhrkontrolle 
BAT best available technology 
BaU business as usual 
BC Benchmarking Covenant 
BDEW the Bundesvergand der Energie- und Wasserwirtschaft  
BOF basic oxygen furnace 
BPT best practice technology 
BTX benzene, toluene, xylene 
oC degree centigrade 
CAGR compound annual growth rate 
CATO-2 Dutch national research program on CO2 Capture and Storage 

technology  
CBS Centraal Bureau voor de Statistiek 
CCS CO2 capture and storage 
CEREM Centre for Research of Economic Microdata 
CHP combined heat and power 
CO2 carbon dioxide 
CR cold rolled steel 
COP Conference of Parties 
CSI Cement Sustainability Initiative 
DC developing country 
DeStatis German Statistics Office 
EAF electric arc furnace 
EC European Commission 
EEI energy efficiency index 
EEP energy efficiency plan 
EIPPCB European Integrated Pollution Prevention and Control Bureau 
EIT economies in transition 
EJ exajoule 
EME new and emerging energy efficient technology 
EU European Union 
EU-ETS European Union Emission Trading Scheme 
EUI energy use indicator 
excl. excluding 
FCC fluid catalytic cracking 
FGD flue gas desulphurization 
GDP gross domestic product 
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GEA Global Energy Assessment 
GHG greenhouse gas 
GJ gigajoule 
GJe gigajoule electric 
GJth gigajoule thermal 
Gt gigatonne 
GW gigawatt 
GWe gigawatt electric 
HDPE high density polyethylene 
HR hot rolled steel 
HVC high value chemicals 
IAI International Aluminium Institute 
IC industrialized country 
IEA International Energy Agency 
iLUC indirect land use change 
incl. including 
IP energy efficiency improvement potential 
IPCC Intergovernmental Panel on Climate Change 
IPPC Integrated Pollution Prevention and Control 
ISIC International Standard Industrial Classification 
JPCA Japan Petrochemical Industry Association 
kg kilogram 
kt kilotonne 
kWh kilowatthour 
kWe kilowatt electric 
kWth kilowatt thermal 
LDPE low density polyethylene 
LHV lower heating value 
LNG liquefied natural gas 
LTA Long Term Agreements 
MEA mono-ethanol amine 
MENA Middle East and North Africa 
MJ megajoule 
Mt megatonne 
MWe megawatt electric 
MWth megawatt thermal 
N2O nitrous oxide 
NA North America 
NACE Nomenclature statistique des activités économiques dans la 

Commanauté européenne 
NEU non-energy use 
NGCC natural gas combined cycle 
NIR National Inventory Report 
NPV net present value 
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O&M operation and maintenance 
OEE Office of Energy Efficiency 
OT optimistic technology 
p.a. per annum 
PA polyamide 
PC polycarbonate 
PDF probability density function 
PE polyethylene 
PET polyethylene terephthalate 
PHA polyhydroxyalkanoate 
PHR power-to-heat ratio 
PJ petajoule 
PLA polylactic acid 
PMMA polmethyl methacrylacte 
POECD Organization for Economic Co-operation and Development 
PP power plant 
PP polypropylene 
PRTR Pollutant Release & Transfer Register 
PS polystryene 
PSI Plant Surveys International 
PTA Phillip Townsend Associates 
PTT polytrimethylene terephthalate 
PUR polyurethane 
PVC polyvinylchloride 
R&D research and development 
SEC specific energy consumption 
SME small and medium sized enterprise 
t Tonne 
TBPEU total best practice energy use 
TFEU total final energy use 
TNO Netherlands Organization for Applied Scientific Research 
UNFCCC United Nations Framework of Climate Change 
UNIDO United Nations Industrial Development Organization 
USA United States of America 
USD US dollars 
WE Western Europe 
vol Volume 
yr year 
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