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The global lime industry uses several different kiln types for the same operation: Reducing limestone to lime. 
The two main different process characteristics are the vertical and the horizontal arrangement of the kiln, while 
the detailed process route is dominantly determined by the exact lime composition to be achieved. For Europe, 
for example, the Parallel flow regenerative kiln is the most used route91. Lacking exact data on TIAM regional 
kiln technologies distribution on a global level and facing the relatively large range between the specific energy 
demands of the process routes, an average energy demand of available kilns from Stork et al.91 is chosen as the 
BAT value. A reference energy system for lime production is given in Fig. 11. Theoretical minimal specific 
energy demand is obtained from the same reference91.

Pulp & Paper.  For each grade of pulp and paper, see Fig. 12, the specific electricity and heat demand of the 
respective BAT is used, as presented by IEA92. Although the theoretical minimal specific energy demand varies 
among pulp grades, paper is assigned a single value93. It is worth noting that for recycled pulp, no theoretical 
minimal value is defined, as there is neither bond-breaking nor chemical reaction involved.

Chemicals.  Chlorine is primarily produced using chlor-alkali electrolysis process operated solely by electricity 
without fuels usage, see Fig. 13. Brine solution is used as a feedstock producing chlorine, hydrogen and sodium 
hydroxide.

There are four different types of the electrolysis processes for chlorine production  1. Among these processes, 
membrane process with oxygen depolarized cathodes is the most energy efficient and considered as BAT. The 

Fig. 9  Reference energy system for cement production.

Fig. 10  Reference energy system for glass production.
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specific energy demand for the BAT has been taken from Bazzanella et al.5. Theoretical minimal specific energy 
demand of the chlorine production equals the thermodynamic minimum of the electrolysis94.

Methanol is primarily produced through methanol synthesis. The traditional method uses hydrogen and CO2 
along with electricity, where hydrogen is generated via Steam Methane Reforming (SMR) or coal gasification. 
In SMR, natural gas serves as the feedstock, while coal is utilized in the gasification process, see Fig. 14. This 
conventional method results in methanol with a high CO2 footprint due to the hydrogen feedstock.

New technologies, such as Power-to-Methanol and Biomass-to-Methanol, offer greener alternatives. In 
Power-to-Methanol, hydrogen is produced by electrolysis using green electricity. In Biomass-to-Methanol, bio-
mass energy is used as feedstock to generate green methanol. Despite these advancements, as of 2018, methanol 
production relies entirely on the conventional synthesis process. Outside of China, hydrogen for methanol pro-
duction is sourced from the SMR process, whereas China leverages its coal resources for hydrogen production 
through gasification.

For the BAT selection, the conventional methanol synthesis process is considered. Due to data availability, 
European averages for the specific energy demand of coal, natural gas, and electricity are used as the BAT bench-
mark95,96. In terms of fuel usage, coal is exclusively used in China for methanol production, while natural gas is 
used in the rest of the world. Theoretical minimal thermal energy demand of methanol production is set to zero 
as the process is exothermic and theoretically no energy is needed. Feedstock demand is assumed to equal the 
BAT value.

Fig. 11  Reference energy system for lime production.

Fig. 12  Reference energy system for pulp and paper production.
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Thanks to the Haber-Bosch-process the basic process of producing ammonia is very standardized globally. 
The process includes the provision of hydrogen and nitrogen, which subsequently combine to form ammonia 
within the Haber-Bosch reactor. The biggest differences between regions are emerging due to a different source 
for hydrogen as it is the case for methanol. Especially China uses coal gasification to produce hydrogen, while 
the rest of the world mainly uses the natural gas-based methane-steam reduction route to provide hydrogen97. 
Following this, the energy requirements from IEA97 for the coal-based route are assumed for China, while the 
energy requirements for the gas-based route from the same source are assumed for the rest of the world, as 
represented in Fig. 15. Total theoretical minimal specific energy demand of the Haber-Bosch-process is sourced 
from Rouwenhorst et al.98.

Both olefins and aromatics, together termed as high value chemicals (HVC) can be sourced in multi- or 
single-product processes, or as by-products of the refinery sector6. Ethylene is produced almost exclusively from 
steam crackers6. Propylene originates 50% from steam crackers and 39% from fluid/deep catalytic cracking as 
a by-product of refining operations53. Single-product routes propane dehydrogenation and olefin metathesis 
make additional 5% each53. Olefins can also be produced by methanol-to-olefins process, which is due to the 
abundant access to cheap coal for methanol production, done only in China6. Chemical feedstock is used to 
physically constitute chemical products composed of carbon and hydrogen. Its choice depends on one hand on 
the availability and costs of the fuels. On the other hand, the feedstock choice affects the total production yield 
and, in case of multi-product processes, the diversity of the obtained products6. Single-product processes can 
consume relatively low amounts of feedstock per unit of product, especially when feedstock and the product 
have a similar chemical structure6. To determine the BAT for olefine production, the lowest BAT value of the 
technologies and feedstocks most widely applied in 2018 was selected. Steam cracking based on naphtha showed 
lower BAT specific energy demand in comparison to the ethane-based process99,100. Methanol-to-olefins process 
contributed to less than 5% of olefine production in China 2018101,102. Moreover, its specific energy demand was 
higher than for the naphtha steam cracking, based on Dechema’s studies5,95. Thus, naphtha steam cracking was 
considered to be the BAT. Its specific energy demand was adopted from Dechema’s study5. The reference energy 
system for olefine production is represented in the upper part of the Fig. 16. BAT electricity demand is assumed 
to be 1 GJ per ton of product95,99; the rest is considered to be fuel. Feedstock demand relies on the Dechema’s 
study5. Theoretical minimal specific thermal energy demand is sourced from Bolson et al.103, while the feedstock 
demand is assumed to be equal as of the BAT.

Fig. 13  Reference energy system for chlorine production.

Fig. 14  Reference energy system for methanol production.

https://doi.org/10.1038/s41597-025-06206-y


1 4Scientific Data |         (2025) 12:1745  | https://doi.org/10.1038/s41597-025-06206-y

www.nature.com/scientificdatawww.nature.com/scientificdata/

Aromatics are mostly produced by fluid catalytic cracking and continuous catalytic reforming in refineries6. 
However, more than 70% of the aromatics produced by catalytic reforming are utilized for boosting the gasoline’s 
octane value and thus go to the gasoline pool60. Naphtha steam cracking is the main petrochemical source for 
aromatics53. Naphtha catalytic cracking (NCC), which makes usage of catalyst, requires 15% less energy than the 
world’s BAT naphtha steam cracker, as well as almost 25% less naphtha feedstock per ton of HVC produced6. Yet, 
the process is relatively new and complex and only one such commercial plant is operating in South Korea6,104. 
Furthermore, while NCC does produce some aromatics, it primarily converts heavy hydrocarbon fractions into 
lighter products. Thus, this process was left from the BAT consideration for 2018. Total BAT specific energy 
demand of naphtha steam cracking is taken from Dechema5. The reference energy system aligns with the one 
for olefines production, see Fig. 16. Based on aromatics extraction process by Saygin et al.4, the electricity is 
assumed to constitute approximately 5% of this energy. Feedstock demand per ton of aromatics is, accordingly 
to the same study4, assumed to be the same as per ton of olefins. Theoretical minimal specific thermal energy 

Fig. 15  Reference energy system for ammonia production.

Fig. 16  Reference energy system for olefins and aromatics production.
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petrochemical industrial subsector the inconsistencies in international energy statistics as well as other factors 
which possibly lead to energy demand based on BAT being above the statistical consumption4.
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Ultimately, calculated energy demands based on BAT are multiplied by the BAT (total) inefficiency factors to 
obtain final (scaled) energy demands for each industrial subsector and each TIAM region. Figures 18–22 depict 
globally the final energy demands of the industrial subsectors. In the background the TIAM regions are shaded 
based on the estimated BAT total inefficiency factor of the subsector. Bar charts on top of the regions in the map 
depict calculated electricity and fuel demands. The bar chart in the right bottom of the figures illustrates the 
distribution of the total final energy demand on different industrial branches of the subsector. For some of the 
regions, typically China, the energy demand was substantially higher than for the others. Therefore, the maximal 
axes value for bar charts marked with “≈” sign, was selected to be higher than for the others.

For the iron and steel subsector on Fig. 18 it is notable that the eastern regions China, Former Soviet Union 
and India show highest level of final energy demand based on the corresponding production activity. Fuel usage 
is by far higher than the electricity consumption. While China, South Korea, Japan and Germany exhibit the 
highest energy efficiency (lowest inefficiency factors), the Former Soviet Union shows the highest inefficiency 
factor. Production route BF → BOF is generally most widespread, although DRI → EAF dominates the steel 
production in the Middle East Asia (MEA), Mexico and Africa. Secondary steel production makes rather a very 
low process route share, except for the USA.

The non-ferrous metals subsector reveals, see Fig. 19, untypically for the other subsectors, notably higher 
electricity than fuel demand. Furthermore, it states very high inefficiency factors. This comes on the first place 
from the assumption that aluminium and copper industry alone are responsible for the total non-ferrous metals 
energy demand. The variety of non-ferrous metals, the diversity of their geographical distributions as well as 
different specific energy demands for their production made a global assumption regarding the share which 
aluminium and copper industry have in this subsector very complex. On one hand, this result indicates the 
necessity of cautiousness when interpreting inefficiency factors. On the other hand, high inefficiency factors 
can have other causes too. Clear distinction between statistically reported energy used for mining and for 
non-ferrous metals processing could be disputable, because some sites include parts of both process chains. 
Moreover, although basic metal processing after the refining is assumed, the additional post-processing into alu-
minium or copper items is not considered. Statistical reporting with global coverage of such items is missing as 
well as assessment of specific energy demands per product unit would require specialisation in too many distinct 
application fields. This is especially observable on the example of South Korea, which has the highest calculated 
inefficiency factor. South Korea has no primary aluminium production16, but it has considerable aluminium 
plates production106, which is due to the global approach and available databanks not considered in this study. 
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Summarising, although it encompasses some uncertainties, this approach allows us to represent the total energy 
demand of an industrial subsector, as intended, by implementing and analysing only its few main branches.

As further seen from Fig. 19 most of the energy for global non-ferrous metals industrial subsector is required 
for the primary aluminium production. However, Japan, Mexico and South Korea produce only secondary 
aluminium as well as copper. Although hydrometallurgical copper production route has a subordinate global 
energy demand, it plays an important role in Africa and Central & South American (CSA) region.

Among the highest energy consumers in non-metallic minerals sector, see Fig. 20, alongside the already 
mentioned China, India and the MEA, is Other Developing Asia (ODA). Africa takes part in the energy demand 
to a higher extent than in the previous subsectors. Fuel usage is notably more dominant than the electricity 
demand. Cement production takes place in all regions. In this subsector, China, South Korea and Mexico are 
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the most efficient producers (having the lowest inefficiency factors), whereas West Europe has the highest inef-
ficiency factor.

The energy demand for pulp and paper production, see Fig. 21, is more evenly distributed. The share of 
electricity and fuel in the total energy demand is more balanced than in the other subsectors. Japan has the 
highest energy efficiency (lowest inefficiency factor), while the highest estimated inefficiency factor is attributed 
to Canada. South Korea produces solely paper whereas other regions produce both pulp and paper products.

The chemical subsector, see Fig. 22, has very high total final energy demand. The usage of the chemical feed-
stock is approximately twice as high as electricity and fuel usage together. Highest inefficiency factor is estimated 
for the ODA region. Production of olefins holds the highest share in the final energy demand (above 30%). 
Aside from the “other chemicals”, the remaining final energy demand is distributed among ammonia, aromatics, 
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methanol and finally chlorine production in descending order. Whereas olefine production is existing in every 
region and ammonia significantly contributes in almost all of them, the rest of the elaborated chemicals are 
differently represented across the regions.

Figure 23 provides a summary of inefficiency factors across regions and sectors, based both on a) BAT and 
b) theoretical minimal energy. Regions are sorted based on BAT based average inefficincy factors, which are 
discussed first. The South Korea has the overall highest inefficiency factors, while China demonstrates the lowest 
inefficiency factors. Significant variation exists between sectors within the same region—for example, Australia 
and New Zealand (AUS) has a low inefficiency factor in the iron and steel subsector, while it has a notably high 
inefficiency factor in non-metallic minerals subsector. The non-ferrous subsector generally shows particularly 
high inefficiency factors. Average inefficiency factors range from 1.20 to 2.16; however, when the non-ferrous 
sector is excluded, the range narrows to between 1.15 and 1.94. As expected, the inefficiency factors based on the 
theoretical minimum are significantly higher than those based on BAT. The regional averages range from 2.04 
to 5.79, decreasing to 1.82 to 4.38 when the non-ferrous subsector is excluded. The pulp and paper subsector 
stands out as the second highest in terms of inefficiency factors calculated based on theoretical minimal energy. 
It is important to highlight that the diversity of the manufacturing industry in certain regions can result in high 
inefficiency factors, which compensate for industrial branches that are not explicitly modelled.

Data Records
The data produced by this study are stored on Zenodo under https://doi.org/10.5281/zenodo.15524913107. Users 
can download the repository and use the data on their local system. The repository structure follows the study 
flow. There are two main folders as given in Table 3. Additionally, territories considered under the aggregated 
TIAM regions are given in file TIAM_regions.csv.

Technical Validation
To ensure the plausibility of our calculations, for countries with a higher calculated energy demands than the 
IEA energy statistics, we initially verified if there are national reports regarding energy demand of the respec-
tive industrial subsectors. Some of the examples follow. The calculated India’s non-ferrous metals total energy 
demand based on BAT accounts for 205 PJ. According to the IEA energy statistics, this energy consumption 
was around 70 PJ13. However, ten biggest aluminium producing energy consumers in India consumed already 

Fig. 23  Cross-sector overview of inefficiency factors. Inefficiency factors based on a) BAT, b) theoretical 
minimal energy.
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roughly 320 PJ in 2007108. In 2017 Hindalco Industries, Indian aluminium and copper producer, was alone 
responsible for an energy consumption of around 270 PJ109, thus highly exceeding the IEA energy statistics of 
the subsector in India’s energy statistics. Similarly, the calculated Middle East Asia’s non-ferrous metals total 
energy demand with BATs accounts for around 325 PJ, whereas IEA statistics sum to around 80 PJ. However, 
EGA Emirates global aluminium company in United Arab Emirates alone consumed in the period of 2018–2021 
around 130 PJ per year110. The reports thus confirmed higher energy consumption of the affected industrial sub-
sectors in comparison to the IEA statistics. Hence, our approach to consider our calculations as more accurate 
and to scale them up by an inefficiency factor above 1 proved reasonable. The left side of Fig. 24 summarizes the 
calculation process ending with Calculated Energy Demand (CED).

Subsequently, we checked if the total final calculated energy demand exceeds the industrial energy balance 
provided by the IEA, as shown on the right side of Fig. 24. If this is not the case, the calculation may be consid-
ered plausible. Otherwise, their difference was compared with the IEA’s NES energy consumption values. NES 
values represent industrial energy consumption that is not attributed to a specific sector, often due to underre-
porting or incomplete documentation of the reporting countries. A high NES value suggests that the country 
has reported only the energy consumption of the whole industrial sector without providing details regarding 
industrial subsector in which the energy was utilized. Additionally, we took a closer look into the NES share 
for the analysed 159 world countries, see Fig. 25. It is noticeable that a NES share of 30% up to 100% occurs for 
around half of the countries globally, and around 12% of the countries has a NES share of nearly 100%. However, 
if we observe the global NES energy amount, it turns out that countries having a NES share of up to around 25% 
constitute almost 90% of the global NES industrial energy demand. In other words, there are many countries 
that report poorly, but those countries with high energy demand seem to report well in most cases. Finally, if the 
difference between the total calculated energy demand and the IEA energy balance is smaller than NES energy, 
the discrepancy between the calculation and the IEA statistics can be explained by the NES values, confirming 
our calculations. If the total calculated energy demand is greater than the IEA energy balance, but the difference 
is higher than the NES energy a plausibility error is indicated.

The plausibility check was applied per TIAM region and summarized in Table 4. To make the difference 
between calculated energy demand and IEA energy balance (IEA_EB) comparable with the NES industrial 
energy consumption, both the calculated values and the IEA balances are summed across all five industrial 
subsectors. The table shows that these differences are lower than NES energy consumptions as their ratios are 

Folder Data description

01_Production_quantities Twelve files, grouped by industrial subsector, encompassing national production quantities per industrial 
branch and product.

02_Energy_calculation

The first file includes specific energy demands for the production of the above-mentioned industrial products by 
the BATs as well as for the theoretical minima.
The second file consists of regional industrial energy demands per branch and production process, grouped by 
industrial subsector, and calculated based on the BATs and the theoretical minima. Distinguished are, for BAT 
energy demand, electricity and different main fuel types (for energy use as well as for chemical feedstock).
The third file includes inefficiency factors (raw and adjusted) per TIAM region and per industrial subsector, 
for BAT and for the theoretical minimum. It also contains energy demands calculated for the BAT and for the 
theoretical minimum as well as final (recalculated) energy demands, per TIAM region, industrial subsector, 
branch and process route, for electricity and total fuel including feedstock.
The fourth file includes validation calculations.

Table 3.  Structure of the data records.

Fig. 24  Calculation process and plausibility check.
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below 100% for all TIAM regions. This indicates that calculated final energy demand is not overestimated. The 
difference between the calculations and statistics is likely due to under-reporting of the energy consumption in 
some countries. Still, the IEA database was the most comprehensive worldwide industrial energy consumption 
related database the authors could find and was thus considered appropriate to use.

Data availability
The data produced by this study are stored on Zenodo under https://doi.org/10.5281/zenodo.15524913107.
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