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1 Executive Summary 

The COMBI project aims at quantifying the multiple non-energy impacts of energy efficiency in 
Europe. The report at hand focuses on the natural resource use in terms of abiotic and biotic 
materials from nature and global greenhouse gas (GHG) emissions. Other natural resources or 
emissions have not been considered in accordance with the scope of the work package and the 
literature review on calculation methods for natural resource use (see also Teubler, Bienge, & 
Wiesen (2015). 

1.1 Impacts 

The researchers developed a bottom-up characterisation model of electricity, heat, fuel systems 
as well as for vehicles and lighting systems in Europe. The model relates energy efficiency savings 
from 21 different energy efficiency improvement (EEI) actions in EU-28 in 2030 to the following 
impact indicators: 

[1] Material Footprint in [tons] – Savings of abiotic (fossil fuels, metal ores, minerals) and 
biotic (not further specified) raw materials from nature; including raw materials without 
economic use (unused extraction) 

[2] Carbon Footprint in [tons of CO2-equivalents] – Savings in global GHG emissions  
[3] dGHG in [tons of CO2-equivalents] – Savings in GHG emissions from combustion of 

energy carriers/fuels  

The Material [1] and Carbon [2] Footprint characterisation factors are based on the upstream 
material and energy flows for energy conversion (e.g. power plants) and distribution (e.g. electrical 
grids). The impacts from this lifecycle (cradle-to-gate) do not only occur within the borders of the 
EU, but also outside of it. Direct GHG emissions [3] are solely based on the combustion of fossil 
fuels for energy use and therefore occur within European countries.  

1.2 Scope and method: use phase and production phase 

The impact indicators are based on methods for Material Flow Accounting (MFA) and Life Cycle 
Assessment (LCA). Methods for calculation are Material-Input-per-Service (MIPS) (see also 
Liedtke et al., 2014; Saurat & Ritthoff, 2013; Schmidt-Bleek & Wuppertal Institut für Klima, 
Umwelt, Energie, 1998 and Schmidt-Bleek, 1998), Global Warming Potential for 100 years 
(GWP 100a) by the International Panel on Climate Change (Bernstein et al., 2007) and Ecocosts by 
Voigtländer (2001).  

Two types of models are differentiated: use phase models and production phase models. Model 
output relates to the difference between scenarios, i.e. resource savings/additional use. The 
quantified unit is tons of material or tons of CO2e per kWh of final energy use or per product.  

The use phase model (cradle-to-gate energy supply) covers all 21 EEI actions in all 28 countries. It 
consists of (often country-specific) multipliers for all three endpoints listed above and sub-
impacts in relation to the final energy demand in both base-case and energy efficiency scenario. It 
is based on supply models for fuels, electricity and heat, which were generated from the input 
data, EUROSTAT and generic lifecycle inventories (e.g. Ecoinvent 3.1.). 
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The production phase models on the other hand, are restricted to the production of action-related 
technologies and products. They consist of EU average multipliers for the cradle-to-gate 
production of product stocks within both scenarios (all endpoints and sub-impacts with exception 
of direct GHG emissions). In light of the data restrictions in the scenarios, only few production 
phases of EEI actions could be covered by these models: vehicles for transport and lighting 
systems for buildings. This is a severe limitation of the available input data and points to vast 
future research needs in regard to the quantified results. 

1.3 Monetisation of Resource Impacts 

The monetisation of impacts is restricted to the use of fossil fuels and metal ores from 
economically used extraction (sub-impacts of the Material Footprint). Other impacts or endpoints 
such as the Carbon Footprint could not be monetised due to lack of data or lack of available 
methods. The monetisation method suggested in this report, is based on future eco-costs of raw 
material depletion. As scarce materials deplete with further extraction, additional investments are 
necessary to provide them in the same quality and to prevent the corresponding damage to the 
environment. They can be quantified in form of indirect or external material costs for fossil fuels 
and metals.  

1.4 Interpretation 

The differences between the impacts in both scenarios either represent savings (negative values) 
or additional demands (positive value)1. There are four possible outcomes in regard to use phase 
and production phase impacts, assuming that all actions lead to energy savings in total: 

(A) Overall Savings – Shift towards lower resource impacts in use phase and production 
phase 

(B) Partial use phase compensation – Lower use phase impacts outweighs higher production 
phase impacts 

(C) Partial production phase compensation – Lower production phase impacts outweighs 
higher use phase impacts 

(D) Overcompensation – Shift towards use phase and production phase with higher impacts.  

These four outcomes could only be analysed for the EEI actions in the transport sector (with 
exception of two-wheelers and heavy duty trucks2) and the 2 EEI actions regarding changes in the 
lighting systems. The results in all other actions therefore cover only the use phase and are 
consequently over or underestimated, depending on the production phase impacts not analysed.  

1.5 Results 

The researchers have calculated net savings (demand between base-case and efficiency scenario) 
of resources and greenhouse gas (GHG) emissions for all sectors and almost every action in the 
EU28. In sum, savings of 868 Mt of resources, 509 Mt CO2e of global GHG emissions and 362 Mt 

                                                             
1 For better compatibility with other work packages in COMBI, negative values in the final COMBI tool (https://combi-project.eu/charts) 
refer to additional resource demands and positive values to resource savings.  
2 The action 20 aims at energy efficiency improvements for motorized two-wheelers in the private transport sector suchs as 
motorcycles. 



D4.4 Methodology and quantification of resource impacts  COMBI   GA No. 649724 

 10 

of direct GHG emissions can be associated with final energy savings compared to the base-case 
(including supply systems, but excluding the production phase). The highest savings were 
attributed to Germany, Italy, Poland and France (see Figure 1 and Figure 2).  

Figure 1: Gross Material Footprint (tons) of all sectors during use phase 

 

Figure 2: Gross Carbon Footprint (tons CO2e) for all sectors during use phase 

 
The differences in the production systems (production phase) for vehicles and lighting systems 
require additional 11.2 Mt of resources (partial use phase compensation), but also lead to 
additional Carbon Footprint savings of 8.7 Mt (overall savings). The net effect (see Figure 3) 
between production and use phase for transport actions alone (without two-wheelers) amount to 
Material Footprint savings of 3.6 Mt, partially compensated by the additional demand for metal 
ores for vehicles (28.2 Mt of resources). 
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Figure 3: WP 4 Impacts (without Two-Wheelers) of Passenger Transport (Use vs. Production) in [Mt] or [Mt CO2e] 

 

1.6 Discussion 
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2 Background 

2.1 Project description  

The COMBI project aims at quantifying the multiple non-energy benefits of energy efficiency. It is 
coordinated by the Wuppertal Institute for Climate, Environment and Energy and implemented 
together with the research partners University of Antwerp, University of Manchester, Copenhagen 
Economics and ABUD/Advanced Buildings and Urban Design. The multiple benefits of energy 
efficiency are gaining relevance in the research and the current policy discourse, but scientific 
evidence is yet scarce and scattered. Therefore, this projects will gather existing approaches and 
evidence from the EU area, develop modelling approaches and come up with consolidated data on 
different benefits such as emissions (effects on health, ecosystems, crops, built environment), 
resources (biotic/abiotic, energy/non-energy), social welfare (disposable income, comfort, health), 
macro economy (labour market, public finance, GDP), and the energy system (grid, supply-side, 
energy security). All project outcomes will be available at an open-source online database and be 
analysable via a graphic online-visualisation tool for personalising the findings as to their 
geographic location and selected benefits. To this end, the development of an aggregation 
methodology is of central importance to avoid double counting and presenting the various 
benefits on their various dimensions. Finally, insights for policy relevance will be derived and policy 
recommendations will be elaborated to facilitate the communication of the non-energy benefits in 
the relevant policy areas. In addition, the project is in touch with on-going processes of how to 
include multiple energy efficiency benefits into policy evaluation. 

2.2 Aim of this report 

Based on the literature reviews conducted for individual multiple impacts (MI), the second main 
step of the COMBI project is to develop a methodology to quantify and monetise MIs. The COMBI 
approach follows the additionally principle: Only additional effects (both energy and non-energy 
related impacts) relative to an action baseline are considered. To quantify impacts, a set of energy 
efficiency (EEI) actions was defined (see D2.2 report). For these actions, energy saving potentials 
in the year 2030 are being developed reflecting official EU scenarios.  

The report at hand deals with the quantification and monetisation of impacts from resource 
extraction, induced by decreasing final energy consumption, the production of energy efficiency 
technologies and shifts in the transport modal split. It also includes a methodology for quantifying 
direct greenhouse gas (GHG) emissions from combustion as well as a global GHG effect. 

This report includes 

§ the methodology for resource/GHG impacts and resource monetisation in COMBI, 
§ the description of resource/GHG impact models for final energy use and provision of 

selected energy efficiency technologies (vehicles and lighting systems), 
§ results and discussion thereof, 
§ outlook and future research. 



D4.4 Methodology and quantification of resource impacts  COMBI   GA No. 649724 

 13 

2.3 Paper outline 

The report is divided into 5 sections. 

Section 3 describes the methodology and possible interactions with other impacts in COMBI. 

Section 4 describes impact models for the use phase of action (life-cycle wide natural resource 
use and GHG emissions from final energy use in both scenarios). 

Section 5 describes the impact models for the production phase of actions (life-cycle wide natural 
resource use and GHG emissions from producing vehicles and lighting systems).  

Section 6 shows the results and Section 7 discusses these results.  



D4.4 Methodology and quantification of resource impacts  COMBI   GA No. 649724 

 14 

3 Methodology 

3.1 Scope of investigation  

3.1.1 Impacts, end-points and metrics/indicators for resource impacts 

Resource use is associated with environmental impacts from mining, land use, land conversion 
and loss of biodiversity as well as emissions from the combustion of renewable and non-
renewable fuels. There is also evidence that certain raw materials will be depleted in a foresee-
able future or could become critical due to the supply risks and economic importance for the 
European Union (see Teubler, Bienge, & Wiesen, 2015 for a literature review of resource impacts). 

The following sections will discuss resource impacts, indicators and metrics for COMBI. 

3.1.2 Resource impacts 

The extraction of natural material resources and the use of raw materials is not an end in itself, 
but the outcome of economic activities that use raw materials as production inputs or lead to an 
extraction of unused materials as “side effects”. However, its environmental impacts are related to 
the amount and type of used and unused raw materials as well as the methods for extraction and 
conversion. Reducing the overall amount of natural resource use or the lifecycle-wide demand for 
raw materials also reduces the corresponding impacts. The economic impacts on the other hand 
can be related to the direct raw material costs, but also to the costs for mitigating the effects on 
the environment in the future.  

In COMBI, direct resource impacts are limited to raw materials from nature (Teubler et al., 2015, p. 
8). Other possible natural resources like water, air, land use and biodiversity are excluded from the 
analysis. This convention is in accordance with the original outline of the project because some of 
the related environmental, economic and societal impacts are already partly included in other 
impacts of COMBI (e.g. through air pollution impacts in WP3). The term "natural resources" in the 
following sections refers to raw materials from nature and therefore includes raw materials for 
energy conversion3. 

A resource impact, as defined in this document, can either be a change in the amount of required 
raw materials or in raw material costs. Positive impacts (or benefits) occur whenever raw 
materials are saved or direct and external costs are reduced after implementing an energy 
efficiency action. Because some measures result in the implementation of alternative technolo-
gies (with different raw material demands for production) we further differentiate between 
resource impact of production phase (production of technologies for actions) and resource impacts 
of use phase (final energy demand during use).  

The quantification of resource impacts relies on the implementation of an energy efficiency action, 
which requires a specific amount of raw materials in the production phase (restricted to vehicles 
and lighting systems due to lack of data) and use phase of related technologies (restricted to 
energy supply systems as e.g. biking does not require additional final energy during use).  

                                                             
3 The term energy resources is not used in this report, because it is misleading in the context of natural resources. Conversion of raw 
material into energy is a potential function of raw materials, not a raw material characteristic. 
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Compared to a base case, a certain amount of raw materials is saved or required additionally, 
which is associated with direct or external costs.  

3.1.3 Impacts from raw materials for energy conversion 

Raw materials for energy conversion are a part of the overall resource use impacts in COMBI. By 
reducing final energy demand through energy efficiency actions, fewer raw materials for energy 
conversion are required during the use phase of these actions. One could argue that these savings 
are already included in the main impact of energy efficiency, resulting in overlaps of impacts. 

However, the conversion of primary energy bound in raw materials into final energy, depends on a 
number of additional factors such as distribution and type of power plants, length of transmission 
and storage losses. These factors are country-specific, but impact only the amount of raw 
materials necessary for energy supply and not the savings in energy consumption. They are 
covered by the use phase models for energy supply systems in this report.  

Overlaps therefore only occur for primary energy savings, which are not considered to be a main 
impact of EEI actions in COMBI. Direct costs for fossil fuels on the other hand (a monetised 
resource impact) are already part of the energy costs (a co-impact in COMBI). Therefore, they can 
not be considered for the cost-benefit-analysis (CBA) in the COMBI synthesis.  

3.1.4 Midpoints for resource impacts - Raw Material Demand 

Midpoints in Life Cycle Assessment (LCA) methods are considered to be links in the cause-effect 
chain of a particular environmental mechanism. They stem from the classification of "damaging" 
material flows (e.g. defining and grouping green house gases) and their characterisation (e.g. 
multiplying classified flows with CO2 equivalence factors). As they reflect the potential for damage 
to the environment but not the damage itself, they are not always easy to interpret. They require 
fewer assumptions than endpoint categories and are usually a direct result of the modelled data.  

COMBI is designed to map endpoints as part of different pathways for co-impacts of energy 
efficiency. In this sense, midpoints are only subsequent steps towards an impact that is not 
transferring into another impact.  

We associate midpoints for resource impacts with the overall amount of raw materials extracted 
from nature, that is put to an economic use (the so-called used extraction). At this stage, any 
reduction in this amount potentially also reduces the environmental impacts further down the 
environmental cause-effect-chain. While the damage itself cannot be quantified without 
consideration of additional factors, the indicator results are comparable on the level of 
technologies, actions and regions.  

For classification (see also Table 1), natural resources in COMBI are divided into (Teubler et al. 
2015, p. 8) abiotic (ores, minerals and fossil fuels) and biotic (biotic material use, food/feedstuff 
and biofuels) raw materials. 
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Energy carriers are a sub-category of raw materials from used extraction and are referred to by 
their function: raw materials for energy conversion4. 

Abiotic raw materials from used extraction are further differentiated into metal ores, minerals and 
fossil fuels and include all materials that are further processed (e.g. waste ore). The category 
“fossil fuels” does not include the conversion of uranium by nuclear fission, as uranium is a metal 
ore. In addition, energy from biomass falls under biotic raw materials. 

The metric is "tons of resources" or "tons of raw materials" and refers to the difference between 
the amount of extracted resources before (base-case) or after implementing an energy efficiency 
action. 

3.1.5 Endpoints for resource impacts 

Endpoints in LCA methods refer to the endpoint in an environmental mechanism and assess the 
environmental damage to a particular system (the so-called area of protection). The aim of 
endpoint modelling is to facilitate decision-making regarding LCA results. End-points often consist 
of a weighted set of mid-point categories, whereas single midpoint indicators are normalised and 
summed up to one category such as damage to human health. Because of the additional 
assumptions and the normative weighting procedure, they often lack the certainty of midpoint 
quantification, but are easier to interpret.  

Most endpoint indicators are damage-based, meaning that they focus on the potential damage to 
the environment or society (such as damage to human health). However, there are others such as 
Carbon Costs that rather put an emphasis on interventions by assigning costs to measures for 
preventing or mitigating environmental effects.  

In COMBI, the damage from raw material extractions for EEI actions cannot be merged into one 
single damage-based endpoint indicator, as there is no indicator capable to address all related 
environmental issues. Instead, we focus on impacts in terms of natural material resource 
extraction and global greenhouse gas emissions. A positive resource benefit is likely to occur, if 
the overall use of natural resources is reduced by an energy efficiency action, resulting in lower 
GHG emissions and lower prevention costs. The endpoints (and impacts) of WP 4 are called 
Natural Resource Use (Material Footprint), GHG (global)  (Carbon Footprint) and GHG (EU) (direct 
GHG).  

For Natural Resource Use, not only materials that are put to an economic use (used extraction) are 
relevant. Each ton of metal ore, mineral, or fossil fuel that is extracted from nature, requires 
additional abiotic and biotic material to be permanently removed that is not put to an economic 
purpose and potentially inflicts damage to the environment. This Unused Extraction often 
materialises in form of excavation from mining, but can also include biotic material during harvest 
or from animals (see Teubler et al., 2015 for examples).  

The Carbon Footprint points to GHG (global) and covers all life-cycle wide greenhouse gas (GHG) 
emissions including emissions outside of the European Union.  

                                                             
4 For example, hard coal for combustion is an abiotic raw material for energy conversion from used extraction, while overburden for its 
mining is considered to be abiotic raw material from unused extraction. 
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For reasons of comparison rather than implementing a consistent impact pathway, direct GHG 
points to GHG (EU), only covering GHG emissions that stem from the combustion of fossil fuels 
within Europe.  

All GHG emissions refer to a global warming potential of 100 years (GWP 100a) and are based on 
characterisation factors of these potentials. They are based on the 2007 IPCC report (Qin et al., 
2007) and the European guidelines for monitoring carbon emissions from 2007 (European 
Commission, 2007).Links from resource/GHG impacts to other endpoints in COMBI 

There are a number of possible endpoints in the overall COMBI methodology, resource impact 
indicators can point to. Changes in the Raw Material Demand can affect the endpoint of 
Productivity (in relation to input-output ratios of raw materials in economies), the midpoint of 
Public Budget (in relation to the import costs of raw materials) and the endpoint of Energy 
System/Security (in relation to the import dependency for fossil fuels). A lower global warming 
potential also points partially to Ecosystems in the European Union or worldwide, as some 
greenhouse gas emission further damage ecosystems (e.g. Chlorofluorocarbons). 

Possible interactions are discussed in section 3.3.1 on impact pathways.  

3.1.6 Overview of endpoints and impact indicators 

Table 1 lists the impacts that contribute to the endpoints of WP 4. For quantification, each impact 
from energy-efficiency actions is compared to a base-case. Negative net effects constitute 
savings and positive net effects additional demand. All emissions, material and energy flows are 
classified and quantified cover the lifecycle from extraction (cradle) to use (final energy use for 
each action) and exclude treatment at end-of-life (EoL).  

The endpoint "Natural Resource Use" is limited to raw materials from nature and does not cover 
other natural resources such as water, land or biodiversity (see Teubler et al., 2015). Its indicator is 
the Material Footprint (MF), which sums up the raw material demand from used extraction (raw 
materials that are put to an economic use) and unused extraction (raw materials without 
economic use). Its sub-impacts are Abiotic Raw Materials (further divided into Metal Ores, Fossil 
Fuels and Minerals), Biotic Raw Materials and Unused Extraction.  

The impact indicator for the endpoint "GHG (global)" is called Carbon Footprint (CF) and is based 
on the same emission, material and energy inventories that are used to calculate the Material 
Footprint. Its calculation basis is the classification and summation of greenhouse gas (GHG) 
emissions according to their Global Warming Potential in 100 years (GWP 100a). Both, material 
extraction and GHG emissions, can take place within and outside of Europe. Carbon Footprint is a 
stand-alone impact indicator that is not further used for synthesis with other COMBI endpoints. 

The endpoint "GHG (direct)" refers to direct GHG emissions from combustion of fossil fuels. Its 
impact indicator direct GHG is calculated by multiplying the energy content of energy carriers in 
both scenarios with their GWP 100a factor (tons of CO2e/MJ) directly. These emissions take place 
within the borders of the European Union (see section 3.2 on system boundaries). 
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Table 1: Endpoints and description of WP 4 impacts 

Endpoints Impact Indicators Description 

Endpoint 1.0:  
Natural Resource Use 

Material Footprint 

Biotic and Abiotic Raw Materials 
from used extraction 
in Use and Production Phase 
Unused Extraction  
of biotic and abiotic materials  
without economic use 
in Use and Production Phase 

 Biotic Raw Materials 
Biotic Raw Material Demand  
from used extraction  
in Use and Production Phase 

 Abiotic Raw Materials 

Fossil Fuel Demand from used extraction 
in Use and Production Phase 
Metal Ore Demand from used extraction 
in Use and Production Phase  
Mineral Demand from used extraction 
in Use and Production Phase 

Endpoint 2.1:  
GHG (global) 
(stand-alone) 

Carbon Footprint 
Global Warming Potential (GWP 100a) within and 
outside of Europe  
in Use and Production Phase 

Endpoint 2.2:  
GHG (EU) 
 (combustion within EU-28) 

dGHG  
Global Warming Potential (GWP 100a)  
from fossil fuel combustion in Europe 
in Use Phase 

Source: Own compilation 

3.2 Definition of system boundaries 

The system boundaries of resource impacts in COMBI refer to the amount of material resources 
from nature depending on the implementation of energy efficiency actions. Adopting a life-cycle 
perspective for resource impacts, it is crucial to determine what material flows have to be 
considered in regard to the regional aspects and timeline of the project. The following sections 
discuss the system boundaries in regard to the life cycle perspective, potential spatial spill overs 
and cut-offs. Final system boundaries are drawn in section 3.2.2. 

Life-cycle wide assessments account for all material flows from cradle to grave. Phases of the life 
cycle can include for example production, use and decomposition. In COMBI, the main effects of 
energy efficiency actions take place during the use phase, because it is the time period in which 
energy is either directly saved or replaced by other energy sources. The provision of this energy 
depends on raw materials (such as fuel for transports or hard coal for electricity production) but 
also on the related technologies like power plants.  

Resource impacts during the use phase of EEI actions therefore account for the energy carriers 
themselves, the associated used and unused extraction of additional raw materials for their 
provision and conversion as well as the raw materials required for the life-cycle of energy 
production and conversion facilities. Thus and in regard to a certain or regional mix of energy 
production technologies, any savings in the demand of energy also induces savings in otherwise 
required additional natural resources.  

The production phase on the other hand relates to the action implementation and production of 
respective technologies. While in some cases this means an improvement of an already existing 
technology (improvement), other actions require new technologies (substitution) or lead to 
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different shares of technologies in the future (shift). The installation and production of new 
technologies can involve relevant amounts of additional raw materials, compensating a part or 
more of the resource benefits during use phase. It is also possible that the production phase 
reduces the overall demand of raw materials compared to the base-case technology even further.  

Accounting for all possible technologies and technology improvements would drastically increase 
the data requirements und is therefore considered to be not feasible in the context of COMBI. 
Instead, the production phase is only included in the quantification if the following selection 
criteria are met: 

[1] The direct and supplementary input data from WP 2 allows for a definition of single 
technologies and hence products (e.g. hybrid car). 

[2] The direct and supplementary input data from WP 2 allows for the accounting of the 
amount of products in the production phase and differs between both scenarios (e.g. dif-
ferent stocks of hybrid cars in base-case and efficiency scenario). 

[3] Life cycle inventories for these products can be found in literature or databases, which 
allow the life cycle wide accounting of energy and material flows. 

The following list of technologies meet all three criteria: 

§ Cars for freight and personal transport 
§ Busses for personal transport 
§ Light and Heavy Duty trucks for freight transport and freight trains 
§ Lighting systems 

In accordance with the literature review, the phase for decomposition (including end-of-life 
deliberations) of technologies for base-case and EEI action technologies is not considered in 
COMBI (see Teubler et al. 2015, p. 28). A LCA quantification of end-of-life options would be subject 
to various assumptions by the researchers, all of which would highly influence the results, 
especially for the disaggregation of results on the level of member states. It would require an in-
depth analysis of treatment technologies, treatment markets and regulatory requirements as well 
as reliable forecasts of prices for primary and secondary materials. Because this kind of data is not 
included in the input data, resource impacts for production phase will be restricted to cradle-to-
gate system boundaries. 

While the 4 selected technologies cover the most important production technologies for actions in 
the area of transport, only one technology is covered for actions in buildings and none for actions 
in the industry. This is a limitation that also limits the robustness of the results, as the provision of 
other technologies might overcompensate the savings during their use.  

It can be safely assumed, that especially the construction and refurbishment of buildings would 
have a large impact on the overall net effect of impact indicators for materials. The production of 
energy-efficient appliances or industrial machines on the other hand, are unlikely to influence the 
results to a significant extent.  

3.2.1 Other regional system boundaries: spill-over 

Regional spill overs in an impact assessment occur when impacts affect regions outside the 
analysed system. For resource impacts in COMBI, this is the case for all raw materials that are 
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either imported into the European Union or further processed into wrought and high quality 
materials. Material flows between countries are highly interlaced (e.g. re-import of wrought 
materials after export of raw materials), while the environmental impacts by material extraction 
usually affect the exporting country. Thus, it is not possible to distinct from resource impacts 
between Europe and the rest of the World as well as between European countries. This also holds 
true for embodied and external raw material costs, but to a lesser extent.  

Keeping that dilemma of resource accounting in mind, the regional system boundary for resource 
impacts in COMBI is related to the causes of the impacts within the EU (implementing EEI actions 
in European countries), not their effects within the EU.  

In regard to one of the major outcomes of the COMBI project, a tool to facilitate decision making 
on the subject of EEI actions in EU countries, positive resource impacts will always, to some 
extent, take place outside of the country in question. 

3.2.2 Visualising the resource impact system boundaries 

Figure 4 visualises the system boundaries for resource impacts in COMBI. The outer rectangle 
symbolizes the regional borders of the EU. Material resources from nature are either extracted 
within or outside of the EU. Impacts occur to some extent outside of these borders as well (with 
exception of direct GHG emissions from combustion). For use phase (green circles) of EEI actions, 
and in some cases for production phase (blue circles), the raw material flows and costs of EEI 
action technologies are compared to base-case technologies. Within the European Union, 
quantification for single indicators can differ for countries and regions as well as for the amount of 
raw materials from economic used and unused extraction.  
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Figure 4: System boundaries of resource impacts in COMBI 

 
Source: Own compilation 

3.3 Impact interactions, overlaps and side effects 

The following chapter describes the pathways for the calculation of the midpoint and endpoint-
indicators as well as potential interactions with the endpoints and midpoints of other impacts (see 
Figure 5).  

3.3.1 Impact pathways and overlaps with impacts from other work packages 

Possible interactions and overlaps depend on the system boundaries of other multiple impacts, 
their metrics and indicators. As all impacts in COMBI are quantified only from a societal 
perspective, overlaps with impacts from an end-user perspective do not have to be considered.  

Basis for all quantifications are the material and energy flows of actions related to a base case. 
These flows are differentiated and classified according to the impact method (such as the 
classification of flows for global warming potential according to Guinée, 2001). The WP 4 impact 
calculation results in seven impact indicators and three endpoints (see Table 1).  

The endpoint Natural Resource Use is the main outcome of work package 4. Its impact indicator 
Material Footprint cannot be directly aggregated with impacts from other work packages, as this 
requires a monetisation method. The same holds true for the endpoints GHG (global) and GHG (EU). 
However, single midpoint indicators (and their monetisation) of these three endpoints can be a 
cause for double-counting.  

In regard to non-resource end- and midpoints the following pathways were identified: 
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(1) From Natural Resource Use to Macro-Economy and Energy Security 

Embodied material costs are quantified in WP 4, but not considered for synthesis, as they 
(respectively their monetisation) are already included within investments and energy pric-
es. The direct raw material impacts (Raw Material Demand for Fossil Fuels and Metal 
Ores) do not affect impacts of the endpoints Macro-Economy and Energy Security. 

(2) From Natural Resource Use to Productivity 

Productivity gains can be an outcome of material inputs and outputs, or rather their ratio. 
However, there is no overlap of these ratios with lifecycle-wide material flows as account-
ed for WP 4.  

(3) From GHG (global) and GHG (EU) to Ecosystems 

Greenhouse gas emissions were originally assigned to the endpoint Ecosystems. As these 
emissions are not quantified within this endpoint anymore, there is not overlap. 

In regard to synthesis (aggregating multiple impacts from different work packages), only external 
material costs can be considered for a Cost-Benefit-Analysis or CBA.  

Figure 5: Pathway to resource impacts and other impacts  

 
Description: Classification refers to material and energy flows over the considered life-cycle phases; Impacts refers to the quantified 
impact indicators; Monetisation refers to monetised impacts; Pathways refers to possible interactions with endpoints from other work 
packages; Handling refers to the recommended handling of potential overlaps.  

Source: Own compilation 
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3.3.2 Overlaps of resource impacts with energy resources 

Energy resources are covered by Work Package 7 "Energy security" in form of energy flows and 
are also a part of the input data. Because quantified demands of raw materials for energy 
conversion (fossil fuels plus uranium) precede the quantified energy flows (extracted from mines), 
there is no overlap. 

3.3.3 Rebound effects and Life cycle effects 

Reduced energy consumption also reduces raw material extraction. Rebound effects between 
final energy consumption on the one hand and raw materials for energy supply on the other hand, 
are consistent with rebounds between energy consumption and energy efficiency. There is no 
additional rebound as long as infrastructures for energy supply are not affected. 

However, technologies for the implementation of actions can differ in terms of raw material 
requirements and compared to a base-case. New technologies in particular could increase the 
overall amount of required resources, resulting in savings during use with additional raw material 
requirements in the production phase. This effect can take place in form of a net effect (e.g. no 
overall savings in natural resource use due to high material requirements during production) or in 
form of a shift between raw materials for energy conversion and raw materials for other purposes 
(e.g. higher demand of ores for metals in production phase compared to lower demand of fossil 
fuels in use phase).  

The use of the term "rebound" for these two effects can be misleading, as the production of the 
technologies for energy efficiency actions is not an unintended consequence, but its prerequisite. 
Since the overall "measureable" effects depend on the system boundaries (what phases are 
included) and the temporal resolution (quantification of snapshots compared to long-term annex 
of structures) of the assessment, we call them life cycle effects instead. 

3.4 Quantification models  

Impact indicators refer to different base cases throughout EU Member States or European 
markets and the implementation of an action for energy efficiency improvements in the same 
spatial and temporal boundaries. Methods for calculation are Material-Input-per-Service (MIPS) 
(see also Liedtke et al., 2014; Saurat & Ritthoff, 2013; Schmidt-Bleek & Wuppertal Institut für 
Klima, Umwelt, Energie, 1998 and Schmidt-Bleek, 1998), Global Warming Potential for 100 years 
(GWP 100a) by the International Panel on Climate Change (Bernstein et al., 2007) and Ecocosts by 
Voigtländer (2001). 

The following section provides a description of the quantification model, which is differentiated 
into use phase and production phase. Indicators for each phase are calculated individually, but can 
be aggregated for evaluation.  

3.4.1 Model for use phase  

All actions on the action list require technologies, which consume energy during the use phase. For 
this purpose, we classify energy for final consumption of electricity, heat and fuels.  
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Fuels for vehicles are raw materials for energy conversion. They are usually imported and not 
produced within the European Union. Although shares for petrol and diesel are country-specific, 
they rather depend on the respective transport sectors and not on the infrastructures for fuel 
supply. Heat and electricity are provided on a national level (gross final energy production) and are 
based on the infrastructure in a certain country for the conversion of primary energy.  

In addition, energy production, transport and storage facilities have to be constructed in order to 
supply final energy. Raw materials for energy supply are either extracted within the same country 
or imported into the respective country from other sources including the European Union. All of 
these raw materials can be associated with economically unused extraction in the country of 
origin.  

The net Material Footprint (and subsequently the net Carbon Footprint) of electricity and heat is 
based on the conversion of primary energy within a country. It relates all life cycle wide abiotic and 
biotic raw materials (tons of natural resources) for the production, transport and storage of 
electricity and heat in a certain country to the final consumption per year (kg/(kWh*a)). Im- or 
exports would increase or decrease the net resource intensity of a country depending on the net 
resource intensity in other countries, resulting in a gross Material Footprint.  

For WP 4 in COMBI, all final energy consumption is assumed to be produced on a national level, 
neglecting imports and exports between European countries or between Europe and the rest of 
the World. The reason for this lies in the structure of available input data. The available input data 
only accounts for the electricity generation mix for each of the EU-28 member states in 2030. It 
does not include data on energy flows between countries or on losses within the European grid.  

As the available data also excludes detailed information on the potential efficiency gains in energy 
conversion, it is not possible to model future conversion technologies.  

3.4.2 Allocation of final energy to Member States, markets and regions 

The quantification model for the use phase of EEI actions aims at the quantification of impacts per 
Member State and action. This requires consistent datasets for all forms of final energy in all 
countries containing the mix of energy carriers, but also data on energy supply utilities as well as 
transmission and net losses. In the case of data gaps, it became necessary to cluster single 
Member States to energy markets or energy regions with similar characteristics of energy supply 
and consumption. This strategy for closing data gaps still allows for a quantification per member 
state, as every member state uses its own mix of energy carriers. However, specifics of energy 
conversion (hence Material and Carbon Footprints of energy conversion) represent a market 
rather than a country in some cases.  

3.4.3 Calculation of net impacts for electricity in use phase 

Although most of the required resources in the European grid stem from the combustion of fossil 
fuels, any electricity production facility (including renewables) requires additional raw materials for 
production, maintenance and decomposition including biotic raw materials. The EcoInvent 
database (3.1) provides generic life cycle inventories for electricity production by most of the 
facilities on the market and for most of the countries. They can be used to calculate the net 
Material Footprint of electricity production in all EU-28 member states – per state, market or 
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region depending on the available data. It also provides the data for the calculation of the 
European electricity at final consumption. In order to maintain consistency with system 
boundaries and other WPs, data on the electricity mix are drawn from WP 2, which bases its 
electricity mix for 2030 on the PRIMES model.  

3.4.4 Calculation of impacts for heat 

The material and energy flows for the heat consumption of a country are not easy quantifiable. 
While cogenerated heat is also provided by facilities for electricity production, many households in 
Europe produce their own heat with the help of technologies for combustion of oil or gas. Gaps 
between public heat supply and private heat production cannot be bridged without overlaps. 

As actions in COMBI for heating efficiency relate to reduced heat demands, it is feasible to 
calculate an impact model for heat that is consumption based, but includes public supply. It is 
based on average technologies for the conversion of primary energy by energy carriers into heat, 
including heat from public electricity and renewable sources. Base case is therefore a bottom-up 
mix of these technologies for each heat source in the European union, resulting in a EU-28 
characterisation mix for heat supply5.  

Therefore and in opposition to impact indicators for electricity, generic European or global 
processes are used to quantify the resource use per energy carrier and kWh of consumed heat.  

3.4.5 Model for production phase 

All actions on the action list are connected to technologies, which require material flows from 
nature for production. For purpose of quantification, the respective life cycle inventories of energy 
efficiency actions can be differentiated into one of the following technology cluster: 

(1) Improvement of existing technology 
(2) Substitution of conventional technology 
(3) Shift in the mix of technologies 

All three are associated with differences in the material flows for the production phase by actions 
(but only (1) and (2) by technology), thus changes in the resource impacts. In most cases however, 
material flows for use phase are higher by orders of magnitude than for production phase and 
quantified impacts would not differ significantly.   

3.4.6 Quantification approach for production phase 

Resource impacts for production were calculated with help of existing life cycle inventories. The 
LCIs were modelled according to the technical parameters of the action, provided by WP 2.  

It is assumed that all technologies are produced in the European Union, using current production 
recipes and with no differences in production between countries. If European averages are not 
available, Rest-of-Europe (RER) or Global (GLO) LCIs are used.  

                                                             
5 Ideally, each member state should have its own individual model of heat supplying technologies. However, as the project progressed, 
the required data for a country specific heat supply model could not be gathered to create such a model.  
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3.5 WP 4 energy models in comparison with other work packages 

The necessary input data for modelling has been collected and generated over the course of the 
project (see 3.11 on the consequences of this approach). This lead to several changes in the 
structure of the input data and also made it necessary to generate the required models before the 
input data on final energy savings and energy systems in Europe could be finalized.  

Aside from WP 4, two other work packages require datasets of electricity and heat supply 
systems in Europe: WP 3 on Air Pollution and WP 7 on Energy Systems and Energy Security.  

While all three datasets are based on the same projection for gross energy production in European 
countries in 2030 (based on latest aggregated PRIMES data), further and different details were 
required to calculate the different impacts.  

In WP 4, a static bottom-up model was generated, containing data on country or market specific 
power plant types (with plant-specific conversion efficiencies and material inventories) and 
electrical grids in Europe. This model does not include information on exports and imports of 
electricity or technological development of power plants and grids in the future, because such 
information could not be provided as part of the input data in WP 2.  

The GAINS model on the other hand (used für WP 3 on Air Pollution), is built to use the primary 
energy consumption by the various power plants directly. In lack of this data, average national 
conversion efficiencies for different power plants had to be generated, that are based on scenario 
data by the International Institute for Applied System Analysis (IIASA studies). While data on 
imports and exports of energy are calculated by the GAINS model automatically, it does not 
include the lifecycle or upstream material and energy flows to produce power plants and electrical 
grids.  

For impact indicators in WP 7, the initial PRIMES data is used to build an equilibrium model 
between "gross outputs of the transformation sector", "primary production", "net imports" and 
"total energy demand". It required the definition and shares of energy conversion technologies, 
but not their upstream material and energy inventories.  

By comparison, none of the three models provides a complete picture. Rather, each model is built 
in a way, that allows for impact quantification without having access to a global or EU energy 
system model with sufficient data.  

Future studies on multiple impacts of EEI actions should take these discrepancies into account, 
when interpreting the data or align the inputs of the required datasets, when calculating similar 
impact indicators.  

3.6 Monetisation of resource impacts 

Monetisation in COMBI is used for the aggregation of different impacts for the societal 
perspective. As their values are added up, overlaps between monetised impacts should be avoided 
if possible.  

For resources in COMBI, raw material or direct costs are closely linked to the overall amount of 
extracted materials from nature (the resource impact). Further indirect costs in this regard could 
stem from preventing the depletion of the same natural material resources in the future.  
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The following section discusses and describes the method for deriving direct (embodied) and 
indirect (external) material costs in COMBI. Other options are briefly discussed in section 3.7. 

3.6.1 Embodied Raw Material Costs for metals and fossil fuels 

The cost of raw materials for energy efficiency actions are closely linked to their prices on the 
market. As such, direct material costs are a part of the overall costs of implementing (production),  
sustaining (use) and terminating (end-of-life) an EEI action. From an investor´s perspective, direct 
material costs are part of implementing an action or costs for final energy. From the societal 
perspective direct material costs are part of the energy costs.  

However, most raw materials are not sold in their extraction state (e.g. the metal ore), but in form 
of wrought or beneficiated materials (e.g. metals of a certain purity). And some raw materials are 
not sold at all, because they do not provide an economic use (e.g. losses during harvest of trees). 
In addition, some raw material losses during the production of a material are permanent losses 
(e.g. ore waste still containing non-attainable metals in very low concentrations).  This means, that 
the overall extraction of raw materials is never fully transformed into sold products on the market 
- in particular from a life cycle perspective. 

Another issue stems from the available price data. Only very few materials, compared to the 
overall extracted raw materials, are traded as commodities with a global or average market price. 

We therefore limit the monetisation of direct material costs to the most common metals (direct 
metal costs or DMC), linked to the extracted metal ores and to fossil fuels (direct fossil fuel costs 
or DFFC), linked to the extraction of coal, natural gas and oil.  

The database EcoInvent contains generic data on the raw material input for many global metal 
and fossil fuel markets. This includes a mix of metals and fuels from different mines as well as 
energy and material flows for their provision from different ores and locations. For direct metal 
costs and direct fossil fuel costs, we assume that products from those generic products 
correspond to products sold on the global market.  

Allocation 
The first step is to match metals to their corresponding inputs from metal ores (gold ores for gold) 
and fossil fuels to their corresponding inputs from extracted fuels, while all other elementary and 
intermediate flows, including secondary materials, are excluded. The matching process in this first 
step is an allocation (allocated costs). Each raw material input in the mix is allocated to its share 
and the global market price for the resulting product. We calculate the amount of raw material, 
which is necessary to provide 1 kg of final product, if this raw material would be the only input into 
the process:  

𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑  𝑐𝑜𝑠𝑡  𝑜𝑓  𝑟𝑎𝑤  𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠   =   
𝑜𝑢𝑡𝑝𝑢𝑡  𝑓𝑖𝑛𝑎𝑙  𝑝𝑟𝑜𝑑𝑢𝑐𝑡  [𝑘𝑔]
𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔  𝑖𝑛𝑝𝑢𝑡𝑠   [𝑘𝑔]

  ×  𝑝𝑟𝑖𝑐𝑒  𝑜𝑓  𝑓𝑖𝑛𝑎𝑙  𝑝𝑟𝑜𝑑𝑢𝑐𝑡  [
€
𝑘𝑔
] 

Thus, every corresponding ore, containing 100 % of this material, is attributed with the same costs 
per kg.  

These allocated costs are lower than final product prices for mining processes with low amounts 
of secondary materials and high mining losses (ore inputs > 1 kg/kg) and higher for mining 
processes with high amounts of secondary materials and low mining losses (ore inputs < 1 kg/kg).  
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Grouping of ores 
Some metals are by-products of mining for higher valued products or are extracted from oxides 
containing more than one main mining product. In this case it has become necessary to calculate 
adjusted final prices from the mix of corresponding ores in all available mining processes and to 
allocate the costs to all inputs for all products. Table 2 shows these grouped products groups and 
their calculated adjusted price. 

Table 2: Adjusted prices for grouped metals 

Product Price 2015 [€/kg] Grouping (number of underlying 
mining operations) 

Adjusted Price [€/kg] 

Palladium 20,197.68 

Pd Pt Rh (6) 24,826.19 Platinum 28,559.13 

Rhodium 27,691.96 

Zinc 1.74 

In Zn Pb (7) 1.84 Lead 1.61 

Indium 414.41 

Neodymium 35.59 

REE oxides (7) 7.09 

Praseodymium 94.59 

Samarium 18.02 

Europium 137.39 

Gadolinium 35.14 

Cerium 1.80 

Lanthanum 1.80 

Copper 4.96 
Cu Mo (19) 5.16 

Molybdenum 16.04 

Source: Own calculations based on 0.901 EUR/USD 

Iteration 
The allocation and grouping process results in a list of raw materials and their respective costs. A 
defined set of raw material inputs (m) with fixed prices (c) contributes to each final product, as 
shown in the following formula:  

𝑚!"#$%  !"#  !  ×  𝑐!"#$%  !"#  !   +   𝑚!"#$%  !"#  !  ×  𝑐!"#$%  !"#  !  +  . . .+  𝑚!"#$%  !"#  !  ×  𝑐!"#$%  !"#  !   =   𝐷𝑀𝐶       

This sum is higher than the product price the underlying process is referring to (overestimating the 
costs), as more raw materials are considered than just the corresponding raw materials from the 
allocation. Therefore, each raw material cost factor has to be adjusted in order to decrease this 
deviation from the price of the final product on the market. This can be achieved by iteration.  

The DMC of each metal for metal ores or DFFC of each fossil fuel for fuels is adjusted by the 
current deviation from the market price. Further adjustment cycles for each product decrease the 
deviation for every product until the margin of error is minimized. We set this margin at 1 % 
deviation, which is achieved by the 8th iteration for metals (see Figure 6), but after the first 
iteration for fossil fuels. The final DMC and DFFC factors are drawn from the 9th iteration. 
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Figure 6: Iteration of raw material costs for minimizing deviation from final product prices 

 
 

Metal Ore commodities and Cut-off 
Iron ore, chromite and manganese are directly sold as commodities on the global market. These 
are directly linked to their costs without allocation or iteration. As rhenium could not be matched 
to a production process, it is not included the direct material costs. The inclusion of cadmium into 
the direct material costs, lead to large inconsistencies in the database and is therefore also 
excluded6.  

Direct Material Cost Factors 
Table 3 shows the resulting cost factors for elementary flows from nature (9th iteration). 

Table 3: Direct Material Costs factors for COMBI 

Raw materials in ground Direct Material Cost factor (9th iteration) in [€/kg] 

Metal ores  

Aluminium 713.0E-3 

Cadmium - 

Cerium 2.6E+0 

Chromium 192.8E-3 

Cobalt 20.3E+0 

Copper 3.7E+0 

Europium 195.1E+0 

Gadolinium 49.9E+0 

Gallium 213.8E+0 

Gold 32.6E+3 

Indium 182.1E+0 

Iron 49.7E-3 

                                                             
6 For example, while 23 g of Cd in ore are required to produce 1 kg of indium, 1 kg of cadmium requires less than 0.01 g.  
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Raw materials in ground Direct Material Cost factor (9th iteration) in [€/kg] 

Lanthanum 2.6E+0 

Lead 707.8E-3 

Lithium 20.8E+0 

Manganese 3.4E-3 

Molybdenum 12.1E+0 

Neodymium 50.5E+0 

Nickel 7.6E+0 

Palladium 85.6E+3 

Praseodymium 134.3E+0 

Platinum 121.0E+3 

Rhodium 39.0E+3 

Rhenium - 

Samarium 25.6E+0 

Silver 1.3E+3 

Tantalum 95.9E+0 

Tin 12.3E+0 

Uranium 69.3E+0 

Zinc 764.8E-3 

Zirconium 235.4E+0 

Fossil Fuels  

Coal, brown 16.6E-3 

Coal, hard 56.9E-3 

Gas, natural 259.7E-3 

Oil, crude 348.0E-3 

Source: Own compilation 

3.6.2 Validation of method 

The method for direct material costs is based on generic inventories for the provision of basic 
metals and fossil fuels on a global market. In reality, mines differ in the extraction of the type and 
amount of raw materials and wrought materials on the global market will also differ in their 
recycled content.  

To validate the method, one should compare the resulting direct material costs of other 
commodities (e.g. steel) with prices for these commodities on the global or local market. It is 
expected that these costs would be lower than commodity prices, as these require additional 
materials and additional energy throughout the value chain. One would also expect, that this 
difference becomes larger with each additional production step. 

Unfortunately, there is no comprehensive database available, which not only provides historic 
average commodity prices, but also the average share of primary raw materials used to produce 
these products.  
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A small sample of available prices for steel, brass and bronze revealed, using the database 
EcoInvent, lower direct material costs for low-alloyed steel and brass, but higher direct material 
costs for high-alloyed steel and bronze.  

3.6.3 Indirect Material Costs for metals and fossil fuels 

Indirect material costs are externalised costs of societies. As scarce materials deplete with further 
extraction, additional investments are necessary to provide them in the same quality and to 
prevent the corresponding damage to the environment.  

Eco-cost model 
External costs for the prevention and mitigation of depleted raw materials, were based on the 
eco-cost model (see chapter on monetisation and also http://www.ecocostsvalue.com). The eco-
cost model was developed by Joost Vogtländer and is described in “The model of the Eco-
costs/Value Ratio – A new LCA based decision support tool” publicised in 2001 (Vogtländer, 
2001). The model links the value chain to the ecological product chain. For each step of the value 
chain (i.e. from cradle to grave) the value from the point of view of the end user, the costs from the 
point of view of the producer and also the eco-costs are calculated. While the value and the costs 
represent the real monetary value and costs of the good or service, the eco-costs are "virtual" 
costs. 

The fundamental principle of this methodology is the calculation of the eco-costs. These are 
determined as the monetary costs of a product, which would prevent the ecological damage. The 
eco-costs of a product or service are differentiated between direct and indirect eco-costs. The 
virtual pollution prevention costs, the eco-costs of energy and the material depletion costs sum 
up to direct eco-costs. Indirect eco-costs are eco-costs of depreciation and labour.  

Material depletion in the eco-cost model is captured in relation to future prices rather than costs 
of technologies for prevention and mitigation, as the sustainable alternative is not known yet. 
According to this model, the current price of a metal equals the most expensive mine operation. 
By depleting metals, future mining operations have to dig deeper to meet the demand of a 
population of a larger size. These future costs (which are called external costs in the COMBI 
methodology) are based on historic price data as well as the following assumptions: 

• There is no shortage of metals in the far future (2050 - 2100), if the price of metals 
doubles in order to extract metals that have become scarcer. 

• The growth of the global population will reach its maximum in 2050 at 1.45 times of the 
current level.  

• An economic growth factor of 2 is required, to bring wealth to all people in the world on 
the same level.  

By multiplying the costs of future mining operations (100 % of current prices for direct costs and 
100 % for additional eco-costs) with the growth of population (1,45) and wealth (2), eco-costs of 
metal depletion are assumed to 2.9 times higher than current metal prices.  

In opposition to other metals, the demand for metals from rare earth elements is not predictable 
based on historic price data. The eco-cost model therefore assume a flat market price from 
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October 2013 (reasonable stabilised level after heave fluctuations), which is multiplied with a 
factor of 4 in order to meet the demand of the future.  

For COMBI, eco-costs of abiotic depletion would not overlap with other monetised impacts of the 
societal perspective. They are therefore deemed to be feasible for COMBI impact aggregation.  

3.6.4 Oiconomy standard 

The oiconomy standard (see also http://www.oiconomy.org/home/oiconomy-standard) is based 
on the idea of eco-costs and aims at standardizing the hidden costs of " [...] social irresponsibility 
[...], damage to the environment and future well being of mankind [...]", but also "[...] profits 
obtained by irresponsible financial behaviour [...]" and "product related costs paid by the 
community." (P. Croes, 2012; P. R. Croes & Vermeulen, 2016) 

These costs of (un)-sustainability are measured in ESCU's (Eco Social Cost Unit), which can be 
aggregated with actual product or service costs.  

In its current form, the oiconomy standard already contains ESCU's values for mitigating the 
depletion of metals and fossil fuels (scarcity costs). Because these factors have been transferred 
to corresponding elementary flows from nature, they can directly be used to implement an 
"external material cost" impact model in COMBI for metal ores and fossil fuels.  

3.7 Discussion of other monetisation options 

The following sections briefly explain what other options were discussed early in the project and 
why they could not be integrated into COMBI.  

3.7.1 Costs of critical raw materials 

The European Union published a list of the most critical 20 raw materials (CRM), including material 
groups such as rare earth elements (E. U. Commission & others, 2014; E.-E. Commission & others, 
2010). As these materials are considered to be relevant to the European market in terms of supply 
risk and economic importance (not necessarily in terms of impacts from resource use), their cost 
savings could provide a proxy for the economic relevance of the production phase of actions in 
COMBI.  

However, not only would direct CRM costs suffer from the same (or even more) uncertainties as 
direct material costs, they would also cover only parts of two different midpoint categories.  

3.7.2 Direct Material Costs of biotic raw materials or minerals 

In theory, direct material cost factors could also be linked to elementary flows for minerals and 
biotic raw materials. However, only very few mineral products can be linked to global average 
prices. For biotic raw materials, products would also include livestock and food/feed products, 
which would any attempt in matching the elementary flows to products, a very arbitrary process.  
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3.8 Impact Equations 

The net effect of any impact in WP Resources is expressed as the difference between the impact 
in the base case and the impact after implementing the energy efficiency actions. Negative results 
indicate savings and positive results additional demands or emissions: 

𝑁𝑒𝑡  𝐼𝑚𝑝𝑎𝑐𝑡   =    𝐼𝑚𝑝𝑎𝑐𝑡!"#$!!"#$   −    𝐼𝑚𝑝𝑎𝑐𝑡!"!#$%  !""#$#!%$& 

We further differentiate between impacts during use phase from final energy consumption and 
impacts during production phase from providing action-related technologies (e.g. cars for 
passenger transport). As not all production phases could be considered, final data tables for the 
Online-tool do not include this equation: 

𝐼𝑚𝑝𝑎𝑐𝑡!"#$!!"#$/!"!#$%  !""#$#!%$&   =    𝐼𝑚𝑝𝑎𝑐𝑡!"#  !!!"#   +    𝐼𝑚𝑝𝑎𝑐𝑡!"#$%&'(#)  !!!"#  

The general approach for quantifying impacts in each scenario is by usage of characterisation 
factors. Each characterisation factor represents the yearly (2030) impact per unit of final energy 
consumed or amount of products to be provided and is multiplied with the energy consumption by 
carrier or the stock of products. Characterisation factors are specific for countries and their 
electricity consumption, but EU average for heat and fuel sources as well as products:  

𝐼𝑚𝑝𝑎𝑐𝑡!"#$!!"#$/!"!#$%  !""#$#!%$&   
=    𝑐𝑓!"#$%&'/!"!#$%  !"#$%&/!"#$%&'  𝑥  𝑒𝑛𝑒𝑟𝑔𝑦  𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛/𝑝𝑟𝑜𝑑𝑢𝑐𝑡  𝑠𝑡𝑜𝑐𝑘𝑠 

Impacts for Material Footprint and Carbon Footprint stem from lifecycle-wide material and energy 
flows in the according models. For use-phase, this includes the provision of energy sources, their 
conversion into energy for consumption as well as the required power plants and infrastructures. 
Each material flow from nature is classified into one of the Material Footprint sub-impacts and 
added up (Resource accounting). Each greenhouse gas emission is multiplied with its greenhouse 
gas potential for 100 years (GWP 100a) and added up as well. All other outputs are omitted, 
although other Work Packages cover some of these emissions within other impacts: 

𝑐𝑓!"  !"#$%&  !   =    𝑚!  𝑥  
!

!"!#$%  !"##$!  !"#  !"!#$%  !"#$%&  /  !"#$%&'  !"#$%!  !"#  !""#$
    !!

!!   

with 𝑚!  representing each classified material flow for Material Footprint impacts and 

𝑐𝑓!"  !"#$%&  !   =    𝑚!  𝑥  
!

!"!#$%  !"##$%  !"#  !"!"#$  !"#$%&  /  !"#$%&'  !"#$%!  !"#  !""#$
  𝑥  𝐺𝑊𝑃100𝑎!

!!
!!   

for the Carbon Footprint impact.  

For direct greenhouse gas emissions from combustion (dGHG), characterisation factors are based 
on literature and directly multiplied with the energy consumption by source in the input data (see 
section 4). 

3.8.1 Key assumptions 

The following table (see Table 4) lists the key assumptions for the quantification in sections 4 and 
5. 
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Table 4: Key assumption for impact quantification and monetisation 

Model Key Assumptions Cut-off 

Electricity Supply - Use Phase All countries use the same network length 
and technology for their electrical grid 
Power plan technologies of single countries 
may represent countries within one market 
One European process was used to process 
natural gas into heat and electricity 
Country specific processes do not include 
upstreams for waste provision, therefore an 
appropriate process for Switzerland was used 
for all countries 

Imports and Exports of electricity in Europe 
or between Europe and Rest-of-World 
No SF6 for switching gear 

Heat Supply - Use Phase Countries are auto-producers of heat with a 
EU-28 average for each heat source (large 
scale for industry actions and small scale for 
all other actions) 
Electricity for ambient heat is already 
included in final energy consumption for 
electricity 
Heat from biomass stems from mixed logs 
and wood pellets 
Heat and power co-generation of waste 
stems from biogas 

Imports and Exports of heat 
Heat distribution and storage 
Heat grids 

Fuel Supply - Use Phase EU28 average for fuel provision 
Direct CO2 emission factors for each fuel are 
average in Europe (assuming total 
combustion) 
Share of biofuel in biofuel blends is the same 
throughout Europe  

No bioethanol from wheat, barley, triticale, 
wine, cassava 
No biodiesel from sunflower, tallow 
No natural gas from Turkey, Poland, Romania 

Passenger Vehicles - Production Phase One product represents one vehicle type in 
EU28 
Small, medium, large vehicles are scaled by 
mass 
Standard and advanced cars with internal 
combustion engine share the same 
production recipes 
Vehicle types differ by types of drive train, 
not auto body (glider) 

 

Freight Vehicles - Production Phase Light duty trucks based on large car types in 
passenger transport model 
Heavy duty trucks only represented by one 
type with different loading capacities per 
country 
Trains represented by one type with different 
loading capacities per country 

Different production mix for heavy duty 
trucks in efficiency and base-case scenario 
(only stock differences by modal shift relate 
to impacts) 
 

Lighting - Production Phase One product represents one lighting type in 
EU28 

 

Source: own compilation   
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3.9 Disaggregation level of MI quantification 

Table 5 lists the levels for resource impact disaggregation in COMBI. All use-phases of actions can 
either be quantified for each member state or at least for a EU region, depending on the available 
datasets from WP 2, PRIMES and EUROSTAT.  

Resource impact sizes for the production of technologies are restricted to technologies for actions 
on a European scale. They do not differ between member states or regions (implying the 
assumption that the production of a technology is not restricted to one country and has the same 
technology-specific impacts in every member state). However, production phase related effects 
are quantified for each country. 

Table 5: Disaggregation level of natural resource use by EEI actions 

EEI actions 
Number of MI values 
per action Explanation 

ACTION 1: RESIDENTIAL REFURBISHMENT 

28 for use phase 
 
28 for lighting 
systems in the 
production phase 

electricity: 8 country-specific 
Footprints and 20 Footprints 
from different shares of 
region-specific technologies 
 
heat: 28 Footprints from 
different shares of average 
European technologies 

ACTION 2: RESIDENTIAL NEW DWELLINGS   
ACTION 3: RESIDENTIAL LIGHTING (all dwellings) 
ACTION 4: RESIDENTIAL COLD APPLIANCES (all dwellings) 
ACTION 5: NON-RESIDENTIAL REFURBISHMENT 
ACTION 6: NON-RESIDENTIAL NEW BUILDINGS   
ACTION 7: NON-RESIDENTIAL LIGHTING (all BUILDINGS) 
ACTION 8: NON-RESIDENTIAL PRODUCT COOLING (all BUILDINGS) 
ACTION 9: PASSENGER TRANSPORT MODAL SHIFT 

28 for use phase 
 
28 for car, bus, duty 
truck and train 
production 

fuels: 28 Footprints from 
different shares of average 
European technologies 
 
trains/HDT: only one product 
type for each country 

ACTION 10: PASSENGER TRANSPORT MOTORIZED TWO-WHEELER 
ACTION 11: PASSENGER TRANSPORT CAR 
ACTION 12: PASSENGER TRANSPORT BUS 
ACTION 13: FREIGHT TRANSPORT MODAL SHIFT 
ACTION 14: FREIGHT TRANSPORT  LIGHT DUTY TRUCK (LDT) 
ACTION 15: FREIGHT TRANSPORT HEAVY DUTY TRUCK (HDT) 
ACTION 16: INDUSTRY (7 sectors): HIGH TEMPERATURE PROCESS 
HEATING 

28 for use phase 
 
none for production 
phase 

electricity: 8 country-specific 
Footprints and 20 Footprints 
from different shares of 
region-specific technologies 
 
heat: 28 Footprints from 
different shares of average 
European technologies 
 

ACTION 17: INDUSTRY (7 sectors): LOW AND MEDIUM TEMPERATURE 
PROCESS HEATING 
ACTION 18: INDUSTRY (7 sectors): PROCESS COOLING 
ACTION 19: INDUSTRY (7 sectors): SPECIFIC PROCESS ELECTRICITY 
ACTION 20: INDUSTRY (7 sectors): MOTOR DRIVE 

ACTION 21: INDUSTRY (7 sectors): HVAC in industrial buildings 

Source: own compilation   

3.10 Data 

WP 2 provided WP4 with use phase data on the country-specific mix (gross) of energy carriers for 
the production of electricity.  

For quantifying the production phase of technologies, WP 2 provided WP 4 with data on product 
types and stocks of vehicle and lighting systems in the base-case and efficiency scenario.  

Additional data sets for modelling included 

§ Share of ambient heat sources per country, 
§ V-% of blend for biofuels in 2030, 
§ loading factors for freight transport vehicles, 
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§ number of lighting points per building in residential and non-residential buildings, 
§ lighting efficiency of lighting types. 

3.11 Static and dynamic modelling 

There are two possible approaches to model lifecycle-wide resource impacts for energy efficiency 
actions in COMBI. A dynamic model that includes all actions in all sectors, which is run every time 
input data changes or particular parameters (e.g. the share of a certain power supply and the use 
of associated technologies) are adapted. Such a model would not only include interlinkages 
between countries (import and export of electricity) and technologies (e.g. cogenerating gas power 
plants for different demands of heat and electricity), but would also allow to freely adapt impact 
categories and impact methods, as every run of the model includes all required material and 
energy flows of the whole system. However, it would have required a defined set of input 
parameters along the EEI actions from the beginning. Including or excluding certain actions and/or 
energy sources would not be possible without re-working the model in a time consuming manner. 
In short, quantification has always to be conducted as a whole and for all inputs involved.  

A static model on the other hand, provides the researcher with so called characterisation factors 
for each individual input from the energy efficiency actions. It is able to adapt quickly to changes in 
the input data and it allows including or excluding certain actions and their demand in terms of 
energy sources or technologies. It consists of a number of sub-models such as electricity supply in 
Europe or production of passenger cars. In turn, it does not allow adapting the impact methodolo-
gy on short notice, as each characterisation factor has to be calculated separately.  

In light of the project plan  providing input data while and after impact methodologies and impact 
models are created the static approach was chosen. Thus, every change in the input data can 
directly be quantified in terms of changes in the resource impacts, but the impacts itself cannot be 
changed in terms of selected methods and their underlying assumptions and data later on in the 
project. This also means, that the cause-effect chain is unidirectional (no feedback loops) and 
changes in the final energy use of countries are not affecting the characterisation factors. 
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4 Use phase models 

4.1 Use Phase - Final energy use and supply of electricity in EU-28 

The followings sections describe the modelling of the characterisation factors for electricity in 
Europe. The aim of this model is to provide each country with the set of net resource use and GHG 
indicators for 1 kWh of electricity at low voltage level in 2030. Any savings in final energy use of 
electricity represent a certain amount of savings in natural resources and a certain amount of 
emissions. 

The model generation is conducted in 7 steps: 

[1] Generation of a table of gross electricity production in each EU 28 country in 2030 
(based on WP 2 input data) 

[2] Disaggregation of aggregated energy carriers according to EUROSTAT 
[3] Assignment of technologies to disaggregated energy carriers and grids for distribution 
[4] Assignment of power plants to technologies 
[5] Clustering of electricity markets 
[6] Bottom-up calculation of impact indicators for each power plant and grid  
[7] Summation of individual impact indicators to country specific characterisation factors 

Each step required the use of external data and is subject to assumptions by the authors of this 
report. The cause-effect chain of electricity supply in the model (or all WP 4 models for that 
matter) is unidirectional. Demand for electricity induces impacts, but impacts do not change due to 
a lower energy demand.  

4.1.1 Base data for 2030 electricity mix 

The researchers in WP 4 have been provided with a mix of energy sources for gross electricity 
production for all EU-28 member states in 2030 by WP 2. This mix is found in the appendix (see 
section 9.1), is based on the PRIMES model and does not include 

§ Data on imports and exports of electricity or energy carriers 
§ Type and amount of energy carriers and technologies used to produce electricity  
§ Length and type of networks 
§ Transmission and distribution losses 
§ Conversion efficiencies and full-load hours 

In order to model the characterisation factors these data gaps had to be filled or cut-off. The 
uncertainties in the 2030 mix are high due to the nature of a forecast, but cannot be quantified. 
We have therefore decided that a simplified model will provide sufficient results for COMBI.  

The model design is conducted in 3 consecutive steps: 

1. Electricity mix by energy carriers and technologies 
2. Classification of electricity markets 
3. Country by country and market-dependent quantification of characterisation factors 
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4.1.2 Electricity mix by energy carriers and technologies 

The PRIMES model classification of energy sources is very similar to the classification used by 
EUROSTAT (Eurostat, 2016) on the first , second or third digit level. Table 6 lists all energy sources 
in PRIMES as well as the energy sources in Eurostat they have been matched with. Because there 
is no electricity production in the input data for "other fuels (hydrogen, methanol)" in 2030, this 
energy source has been neglected for further modelling.  

Table 6: Matching of energy sources in PRIMES to Eurostat 

Classification in PRIMES matched to Eurostat 

Nuclear energy Nuclear heat (5100) 

Solids Solid fuels (2000) 

Oil (including refinery gas) Total petroleum products (3000) 

Gas (including derived gases) Gases (4000) 

Biomass-waste Biomass and renewable wastes (5540) 

Hydro (pumping excluded) Hydro power (5510) 

Wind Wind power (5520) 

Solar Solar energy (5530) 

Geothermal and other renewables Geothermal (5550) 

Other fuels (hydrogen, methanol) No electricity production in input data for other fuels 

Source: Own compilation based on Eurostat  

As the provided data on electricity supply is highly aggregated, the electricity mix cannot be 
further disaggregated without additional assumptions and data. In addition, material inventories 
for the life cycle wide material and energy flows are not available for all possible carriers and 
technologies.  

We simplified the model by only using the most common technologies in Europe available in the 
LCI database EcoInvent 3.1.. Eurostat and other sources provided additional data for the 
appraisement of the shares of energy carriers used in these technologies in all EU-28 member 
states. Because Eurostat as well as the available supply data are highly aggregated for electricity 
from renewables, it was also necessary to extend the technology model in some cases (see also 
Table 7)., 
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Table 7: Technology distribution for electricity production 

Characterisation in 
PRIMES 

Simplification / Extension Technologies Distribution 
c: per country 
e: Europe 

Source for compilation 

Nuclear energy Only pressure and boiled water 
reactors 

Pressure water reactor 
Boiled water reactor 

c Electricity production in 
PRIS database (IAEA.org, 
2015) 

Solids Only hard coal and lignite 
including derivates 

Hard coal power plant 
Lignite power plant 

c Transformation input for 
conventional power 
stations and electricity 
plants according to 
Eurostat (2016) 

Oil  
(including refinery 
gas) 

Only conventional power plants 
for oil combustion 

Conventional oil power plant c as in PRIMES 

Gas  
(including derived 
gases) 

Only natural gas power plants 
including CHP plants 

Conventional gas power plant 
CHP gas power plant 

c Transformation input for 
conventional power 
stations  and CHP plants 
according to Eurostat 
(2016) 

Biomass-waste Only solid biofuels, municipal 
renewable waste and biogas 
Wood chips represent solid 
biofuels 

CHP woodchip plant 
Biogas engine 
Biowaste incineration 

c Transformation input for 
conventional power 
stations according to 
Eurostat (2016) 

Hydro  
(pumping excluded) 

Extension of hydro power to 
pumped-storage, run-of-river 
and reservoir hydro power 
plants 

Pumped-storage water power 
plant 
Run-of-River water power plant 
Reservoir water power plant 

e Installed capacity in 
Europe according to 
Mennel, Ziegler, Ebert, & 
others (2015) 

Wind Extension of wind power to 
onshore and offshore wind 
power 

electrical excited synchronous 
generator for onshore 
electrical excited asynchronous 
generator for offshore 

e Electricity production in 
Europe according to 
EWEA (2016) 

Solar Extension of solar power to roof 
and open ground plants 

multi-Si slanted roof plant 
multi-Si open ground plant 

e Installed capacity in 2013 
according to SolarPower 
Europe (2016) 

Geothermal  
and other renewables 

Only geothermal power plants 
for electricity 

Hot-Dry-Rock binary cycle 
geothermal plant 

c as in PRIMES 

Source: Own compilation 

Using the most common technologies clearly affects the robustness of the results for some 
countries. Finland for example is the only country in Europe that produces electricity from peat in 
relevant amounts. By excluding peat power plants from the model, Finland’s resource use per 
kWh electricity might be slightly over- or underrated. The same applies to Spain, which has 
increased its use of concentrated solar power plants over the past 10 years or to the United 
Kingdom where gas-cooled reactors are the most common option for electricity production from 
nuclear energy.  

Neither is the model suited for a comparison of technologies. Data on material inventories of the 
power plants in question have not been modelled to represent the state of art or current 
efficiencies and stem from different years and life cycle assessments. The results on the natural 
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resource use (Material Footprint) and global warming potential (Carbon Footprint) of electricity 
supply should therefore only be used on an aggregated level (per country) in the context of COMBI 
or by referring to them as estimates. 

4.1.3 Electricity markets in Europe 

Modelling the electricity supply for 28 member states, 18 plant types, 4 types of grids and 10 
different characterisation factors7 would sum up to over 6,000 different characterisation factors 
even in the simplified model. We therefore decided to further simplify and aggregate electricity 
production and electricity transmission in the model. While shares of energy carriers and 
transmission losses are differentiated for each country, electricity markets represent the 
technologies of certain regions based on the technologies of a leading country in that region. In 
addition, no imports or exports of electricity between member states or between Europe and the 
rest of the world are considered, as they would require open loop iterations and additional models 
and data (imports and exports are not considered in the provided PRIMES data for 2030).  

These simplifications result in three different types of technology processes used for quantifica-
tion: 

[1] Country processes represent the production and transmission of electricity with help of a 
certain technology within one country 

[2] Market processes are country-specific processes used in all countries of one market  
[3] General processes represent Europe or the world, whenever no country process was 

available (e.g. for grid production) 

The similarities between countries in terms of electricity production depend on a number of 
parameters such as climate, geospatial data, imports and production of energy carriers, subsidies 
and incentives, historic development, policies, technology preferences and year of installation. 
These parameters influence technologies differently depending on the energy source. Denmark 
and Germany for example have high shares of offshore wind power, but offshore turbines in 
Denmark are usually installed near the shore, while German policies advocate turbines far away 
from the coast (requiring longer grid connections and larger transformation platforms). And while 
most countries either prefer energy from hard coal or nuclear energy for base load power, some 
countries have high shares of lignite power, because this raw material can be directly extracted 
locally.  

As no market model could incorporate all these parameters, we have decided to base markets on 
regions, because countries within one region have a high probability of sharing a similar climate, 
geography and industrial development. However, the four countries with the largest electricity 
markets in 2030 are modelled separately, in order to minimize uncertainties in the quantification. 
Then four EU regions were defined (Northern, Southern, Western and Eastern Europe, with 
market leaders being the largest electricity producer in each EU-region), summing up to 8 
different EU-regions in terms of technologies representing 60 % of the electricity production in 
EU-28).  

                                                             
7 biotic raw materials, metal ores, fossil fuels, minerals, Carbon Footprint, direct greenhouse gas emissions, embodied metal costs, 
embodied fossil fuel costs, future metal costs, future fossil fuel costs 
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Table 8 lists the electricity production in all EU-28 member states in 2030 according to PRIMES 
and which country the technology processes was chosen from. Since countries in the same 
markets still differ in regard to their generation mix, 28 different characterisation factors are 
calculated for each impact regardless of the market countries are appointed to.  

Table 8: Largest electricity markets and EU-regions for electricity production in COMBI 

Country Electricity Production in 2030 
according to PRIMES 

Market Technology selection based on 

Largest 4 electricity markets 

France 631.997 GWh/a TOP 4 France 

Germany 590.722 GWh/a TOP 4 Germany 

UK 373.958 GWh/a TOP 4 United Kingdom 

Spain 358.548 GWh/a TOP 4 Spain 

Market leader in EU region 

Italy 350.222 GWh/a Southern Europe (Leader) Italy 

Poland 219.832 GWh/a Eastern Europe (Leader) Poland 

Sweden 180.905 GWh/a Northern Europe (Leader) Sweden 

Netherlands 136.192 GWh/a Western Europe (Leader) Netherlands 

Countries in EU-regions 

Finland 100.382 GWh/a Northern Europe Sweden 

Czech Rep. 81.421 GWh/a Eastern Europe Poland 

Romania 78.447 GWh/a Eastern Europe Poland 

Austria 76.369 GWh/a Western Europe Netherlands 

Belgium 75.446 GWh/a Western Europe Netherlands 

Bulgaria 58.406 GWh/a Eastern Europe Poland 

Greece 57.480 GWh/a Southern Europe Italy 

Portugal 57.243 GWh/a Southern Europe Italy 

Hungary 44.627 GWh/a Eastern Europe Poland 

Slovakia 41.061 GWh/a Eastern Europe Poland 

Denmark 34.522 GWh/a Northern Europe Sweden 

Ireland 32.359 GWh/a Western Europe Netherlands 

Slovenia 18.296 GWh/a Eastern Europe Poland 

Lithuania 18.086 GWh/a Northern Europe Sweden 

Croatia 14.784 GWh/a Eastern Europe Poland 

Estonia 11.658 GWh/a Northern Europe Sweden 

Latvia 8.712 GWh/a Northern Europe Sweden 

Cyprus 7.162 GWh/a Southern Europe Italy 

Luxembourg 3.337 GWh/a Western Europe Netherlands 

Malta 0 GWh/a Southern Europe Italy 

Source: Own compilation based on PRIMES (no electricity production for Malta) 
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4.1.4 Quantification of characterisation factors for electricity 

The quantification of characterisation factors for electricity supply is based on a bottom-up 
approach. Shares of technologies for electricity production represent shares of 1 kWh electricity at 
low voltage level by adjusting for transmission losses (1.9 to 14.8 % within EU-28 according to 
EUROSTAT) and adding additional material and energy flows for grids. Four types of grids were 
distinguished: 

§ long distance transmission network for electricity transport between countries of the EU, 
§ transmission network construction on high voltage level, 
§ transmission network construction on medium voltage level 
§ and transmission network construction on low voltage level.  

EcoInvent 3.1. does not provide differentiated data on the length and material inventories of 
electrical grids within Europe. Therefore, every country is provided with the same grids per kWh 
electricity. In addition, SF6 gas for switching gear was not included in the model. Table 9 lists the 
length of each network as well as the results on resource use and climate warming potential.  

Table 9: Characterisation factors for 1 kWh of electricity networks in each EU-28 member state 

Networks for 
electricity supply 

Length per 
kWh  
in [km] 

Material 
Footprint 
in [kg] 

Abiotic 
Raw 
Materials 
in [kg] 

Biotic Raw 
Materials 
in [kg] 

Fossil 
Fuels 
in [kg] 

Metal Ores 
in [kg] 

Minerals 
in [kg] 

Carbon 
Footprint 
in [kg CO2-equ.] 

long distance 
transmission 

317,0E-12   1,2E-3   559,3E-6   1,1E-6   10,0E-6   431,0E-6   118,4E-6   143,4E-6     

high voltage 
network 

6,6E-9   3,3E-3   1,5E-3   7,8E-6   36,6E-6   1,4E-3   106,3E-6   455,3E-6     

medium voltage 
network 

18,6E-9   24,5E-3   12,3E-3   56,0E-6   59,7E-6   11,8E-3   408,3E-6   531,4E-6     

low voltage 
network 

87,4E-9   103,2E-3   51,8E-3   174,8E-6   239,6E-6   50,4E-3   1,1E-3   1,5E-3     

        

Results per kWh of electricity 
supply 

 [g/kWh]  [g/kWh]  [g/kWh]  [g/kWh]  [g/kWh]  [g/kWh] [g CO2-equ./kWh] 

132  66  0  0  64  2  3 

Source: Own compilation based on ecoivent 3.1 

All results on the resource characterisation of electricity can be found in the appendix (see section 
9.1.2). Figure 7, Figure 8 and Figure 9 show the results of the quantification for each and all EU-28 
member states. Results for Material Footprint range from 552 g/kWh (Sweden) to 4,616 g/kWh 
(Czech Republic), while results on the global warming potential (Carbon Footprint) range from 
44 g CO2-equ./kWh (France) to 1,107 g CO2-equ./kWh (Estonia). France and Estonia also emit the 
lowest and highest direct greenhouse gas emissions (from combusting fossil fuels for electricity 
production) with 4 g CO2-equ./kWh and 314 g CO2-equ./kWh respectively. The lowest and highest 
uses of abiotic raw materials were found for Slovakia (121 g/kWh) and Malta (309 g/kWh).  
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All EU-28 member states together supply 1 kWh electricity at low voltage level with a use of 
1.592 g/kWh of natural resources, 209 g/kWh of abiotic raw materials and emit 351 g of CO2 
equivalents globally and 101 g directly.  

Figure 7: Material Footprint (in g of resources per kWh of energy use) of electricity supply in EU-28 in 2030 according to simplified 
model 

 

Figure 8: Carbon Footprint (in g CO2 equivalents per kWh energy use) of electricity supply in EU-28 in 2030 according to simplified 
model 
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Figure 9: Embodied and external material costs (in EUR cent per kWh energy use) of electricity supply in EU-28 in 2030 according 
to simplified model 
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We therefore decided to cut off the distribution technologies and distribution losses for heat 
supply (including transports of energy carriers to households), quantifying only the heat 
production. This results in lower characterisation factors (and lower potential savings) as 
additional material and energy flows would be necessary to provide the heat for each recipient8.  

We also have no information to which technologies for heat production improve or emerge in the 
EU in 2030. We therefore decided to use the most recent data available in EcoInvent 3.1..  

With exception of district heating, all energy sources where treated to be processed in small units 
for heat production for residential/tertiary actions (household, quarter or single production site) 
and medium or large units for industry actions.  

If not otherwise mentioned, no additional modelling of the material inventories in EcoInvent 3.1. 
was conducted (e.g. in terms of efficiencies). For spatial differentiation, material inventories 
representing Europe were preferred. If these were not available, material inventories for "Global 
(GLO)", "Rest-of-World (RoW)" and "Swiss (CH)" technologies were selected (in this order), as the 
most recent data in EcoInvent 3.1. was originally gathered for Switzerland.  

Since the provided scenario by WP 2 aggregates electricity for direct heating and electricity for 
ambient heat from heat pumps, we did the same. Thus, the characterisation factors for heat from 
ambient energy in the heat model does not account for the electricity during use phase.  

4.2.2 Heat production from coal 

We used EUROSTAT data on final energy consumption by fuel type to capture the shares for 
different types of coal in 2013 (Eurostat, 2016). As this data also includes energy consumption for 
the electricity supply, it might not be accurate in terms of solely heat production, but it is the most 
robust data we found in literature. 

We then matched the shares for coal types to available small unit heat production processes in 
EcoInvent 3.1.. 

Table 10 shows the shares of energy sources and their corresponding technologies. 

                                                             
8 For electricity, excluding transmission networks and losses would result in 2.8 to 23.6 % lower results on the Material Footprint and 
0.4 % to 20.6 % lower results on the Carbon Footprint.  
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Table 10: Share of technologies for heat production from coal in heat model 

Energy carrier 
(EUROSTAT) 

Final energy 
consumption in 2013 
(EU-28) in [TJ] 

Share 
in [%] 

Technology 

Residential / Tertiary    

Coke Oven Coke 7,809 2.0 heat production, hard coal coke, stove 5-15kW - Europe without 
Switzerland 

Anthracite 12,434 3.2 heat production, anthracite, at stove 5-15kW - Europe without 
Switzerland 

Brown Coal Briquettes 26,920 7.0 heat production, lignite briquette, at stove 5-15kW - Europe without 
Switzerland 

Hard coal and derivates  339,086 87.8 heat production, hard coal briquette, stove 5-15kW - Europe 
without Switzerland 

Industry    

Hard coal and derivates n.a. 100 % heat production, at hard coal industrial furnace 1-10MW - Europe 
without Switzerland 

Source: Own compilation based on ecoivent 3.1 and EUROSTAT 

4.2.3 Heat production from natural gas 

We assume that only natural gas is relevant for heat production from natural gas, as EUROSTAT 
does not further differentiate for this category. However, first results on the EEI actions by WP 2 
already take different types of technologies into account: atmospheric and condensing gas boilers.  

We therefore base our model for heat production from natural gas on the stocks in the two 
scenarios (base-case and implementation of actions) for 2030. Table 11 shows the two 
technologies, their shares in the model as well as the processes that represent them. This 
distinction results in two different sets of characterisation factors for residential and tertiary 
actions. One set represents the heat production from natural gas in the base-case scenario 
(scenario 1) and one set the equivalent after implementation of actions (scenario 2). As input data 
from WP 2 does not differentiate between boiler types for industry actions, we assumed that 
natural gas is converted with a condensing modulated boiler with more than 100 kW.  



D4.4 Methodology and quantification of resource impacts  COMBI   GA No. 649724 

 47 

Table 11: Stocks and shares of atmospheric non-modulating and condensing modulating gas boilers for COMBI heat model 

Type of boiler Stocks in scenario 1  
[1,000 units] 
input data: June 2016 

Stocks in scenario 2 
[1,000 units] 
input data: June 2016 

Shares in 
scenario 1 
[%] 

Shares in 
scenario 2 
[%] 

Process 

Residential/Tertiary      

non-condensing 49,725  49,725  48.47 64.33 heat production, natural gas, 
at boiler atmospheric non-
modulating <100kW - Europe 
without Switzerland 

condensing 52,868  27,572  51.53 35.67 heat production, natural gas, 
at boiler condensing 
modulating <100kW - Europe 
without Switzerland 

Industry      

condensing no differentiation in input data heat production, natural gas, 
at boiler condensing 
modulating >100kW - Europe 
without Switzerland 

Source: Own compilation based on ecoivent 3.1 and WP 2 

4.2.4 Heat production from oil 

We assume that only heating oil is relevant for heat production from oil. In accordance with the 
approach for heat production from gas (see section 4.2.3), we differentiate between two types of 
boilers according to the stocks in the scenarios by WP 2.  

Table 12 shows the two different types of technologies, their stocks and resulting shares and 
processes that represent them. As there are no differences in the stocks, one set of characterisa-
tion factors represent heat production from oil in both scenarios. 

As EcoInvent only considers one type of industrial furnace for heat production from oil, no 
differentiation is made between boiler types for industry actions.  

Table 12: Stocks and shares of non-condensing and condensing oil boilers for COMBI heat model 

Type of boiler Stocks in scenario 1  
[1,000 units] 
input data: June 2016 

Stocks in scenario 2 
[1,000 units] 
input data: June 2016 

Shares in 
scenario 1 
[%] 

Shares in 
scenario 2 
[%] 

Process 

non-
condensing 

3,997 3,997 16.23 16.23 heat production, light fuel oil, at 
boiler 10kW, non-modulating - 
Europe without Switzerland 

condensing 20,633 20,633 83.77 83.77 heat production, light fuel oil, at 
boiler 10kW condensing, non-
modulating - Europe without 
Switzerland 

Industry      

non-
condensing 

no differentiation in input data heat production, light fuel oil, at 
industrial furnace 1MW - Europe 
without Switzerland 

Source: Own compilation based on ecoivent 3.1 and WP 2 
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4.2.5 Heat production from district heating 

We assumed that heat production from district heating is the same in all sectors. Shares of heat 
sources for this district heat are based EUROSTAT Energy Balances on district heat, differentiated 
into district heat from solids, oil, gas, renewables and waste.  

Table 13 shows the shares for the allocated heat production processes based on this data. 

Table 13: Share of technologies for heat production from district heating 

Energy source 
(EUROSTAT) 

Allocated energy source 
(WP 4 assumption) 

Share 
in [%] 

Process 

Solids Hard coal 17.71 % heat production, at hard coal industrial furnace 1-10MW 

Oil Refinery Gas 2.45 % heat production, refinery gas, burned in furnace 

 Heavy fuel oil 2.21 % heat production, heavy fuel oil, at industrial furnace 1MW 

Gas Natural gas 44.03 % heat and power co-generation, natural gas, 1MW electrical, lean 
burn 

Renewables Wood chips 28.09 % heat and power co-generation, wood chips, 6667 kW 

Waste Biogas 4.26 % heat, biowaste, at waste incineration plant, future 

Source: Own compilation based on ecoivent 3.1 and EUROSTAT 

4.2.6 Heat production from biomass 

We assume that heat production from biomass stems from wood chips and wood pellets in small 
wood heaters and furnaces. We also assume that a certain amount of pellets stems from 
industrial residue, therefore not requiring primary raw materials.  

We base our biomass model on wood flows in Europe, as shown in Mantau (2012). This study 
captures wood flows from resource to end-use for the EU-27 member states in 2010. In order to 
determine the shares of corresponding technologies, these wood flows had to be conversed into 
their heating value. According to a report of the Food and Agricultural Organization of the United 
nations (Francescato & Krajnc, 2009, p. 33), a storage facility for wood fuels corresponding to 
20,000 kWh energy requires 12 m3 for log wood and 6 m3 for pellets. 

Table 14 shows the resulting shares for the two technologies and all sectors (Residen-
tial/Tertiary/Industry). Pellets from industrial residue do not influence the technology shares, but 
are accounted for when calculating the characterisation factors: Primary raw materials (fresh 
wood) for the heat production from wood pellets are reduced by 57 %.  
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Table 14: Share of technologies for heat production from biomass 

Energy carrier  Wood flows from trees and 
industry to households  
in [m3 solid wood 
equivalents] 

Heating value 
based on storage 
in [kWh/m3] 

Share 
in [%] 

Technology 

Wood chips 129,800,000  1,666.67  33.3% heat production, mixed logs, at wood 
heater 6kW, state-of-the-art 2014 - Rest 
of World 

Wood pellets 32,100,000  3,333.33  66.7%  heat production, wood pellet, at furnace 
9kW, state-of-the-art 2014 - Europe 
without Switzerland 

Wood pellets from 
industrial residues 

18,300,000  reduction of primary material by 57 % 

Source: Own compilation based on ecoivent 3.1, Mantau (2012) and Francescato & Krajnc (2009) 

4.2.7 Heat production from ambient heat and solar thermal sources 

As discussed in the system boundaries (see section 4.2.1) and in alignment with the classification 
of the scenarios for residential buildings by WP 2, heat production from ambient heat does not 
include the use of electricity for heat pumps and other energy converters. Regarding technologies 
we differentiate between heat production technologies for ambient heat (air and geothermal) and 
solar thermal sources.  

Table 15 shows the resulting technology shares for ambient heat, based on the stock model in the 
scenarios as well as the installed capacity for flat plate and evacuated tube solar collectors in 
Europe in 2013 (Mauthner, Weiss, & Spörk-Dür, 2015).  

Table 15: Stocks and shares of ambient heat technologies for COMBI heat model 

Type of ambient heat pump Share in annual sales for new 
dwellings [%] in reference 
scenario 

Share in annual sales for 
new dwellings [%] in 
efficiency scenario 

Process 

Aerothermal 65.3 % 63.9 % heat production, air-water heat 
pump 10kW - Europe without 
Switzerland 

Geothermal 34.7 % 36.1 % heat production, borehole heat 
exchanger, brine-water heat pump 
10kW - Europe without Switzerland 

Type of solar thermal 
technology 

Share in installation capacity in Europe 2013 [%] 
 

Solar thermal - flat plate 88.9 % operation, solar collector system, Cu 
flat plate collector, one-family 
house, for combined system - RoW 

Solar thermal - evacuated tube 11.1 % operation, solar collector system, 
evacuated tube collector, one-family 
house, for combined system, only 
production of units - RoW 

Source: Own compilation based on ecoivent 3.1, input data in WP 2 and Mauthner et al. (2015) 
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4.2.8 Characterisation factors for heat supply in the Residential/Tertiary sector 

Table 16 to Table 19 list the resulting characterisation factors for heat supply in the residential, 
tertiary and industrial sector. Direct GHG emissions are based on the 2007 guidelines of the 
European Commission for the monitoring and reporting of greenhouse gas emissions (European 
Commission, 2007). Therefore, GHG emissions from biomass are not considered as well as 
emissions from ambient and solar thermal sources, as direct emissions do not include the 
production of conversion technologies.  

Table 16: Characterisation factors of heat supply in COMBI in the Residential/Tertiary sector 

Type Biotic Raw 
Materials 

Fossil Fuels Metal Ores Minerals Unused 
extraction 

Carbon 
Footprint 

direct GHG 
emissions 

unit g/kWh g CO2e/kWh 

Heat supply from coal for base-case 
and actions 

4 16 11 13 1,070 603 340.2 

Heat supply from natural gas for base-
case 

0 91 14 9 154 259 202.0 

Heat supply from natural gas for 
actions 

0 92 14 9 155 262 202.0 

Heat supply from oil for base-case and 
actions 

0 106 32 11 127 330 263.9 

Heat supply from district heating for 
base-case and actions 

80 34 8 7 279 194 138.4 

Heat supply from biomass for base-
case and actions 

179 8 14 22 109 52 0.0 

Heat supply from ambient heat for 
base-case 

0 1 25 1 29 27 0.0 

Heat supply from ambient heat for 
actions 

0 1 25 1 29 26 0.0 

Heat supply from solar thermal heat 
for base-case and actions 

3 3 194 9 210 22 0.0 

Source: own compilation        
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Table 17: Characterisation factors for raw material costs of heat supply in Residential/Tertiary sector 

Type embodied metal 
costs 

embodied fossil 
fuel costs 

external metal 
costs 

external fossil 
fuel costs 

unit EUR cent/kWh 

Heat supply from coal for base-case and actions 0.04 1.76 0.05 0.88 

Heat supply from natural gas for base-case 0.05 2.80 0.05 6.20 

Heat supply from natural gas for actions 0.05 2.83 0.05 6.27 

Heat supply from oil for base-case and actions 0.12 3.70 0.11 5.93 

Heat supply from district heating for base-case and 
actions 

0.03 1.28 0.03 2.24 

Heat supply from biomass for base-case and actions 0.06 0.31 0.07 0.49 

Heat supply from ambient heat for base-case 0.05 0.03 0.04 0.04 

Heat supply from ambient heat for actions 0.05 0.03 0.04 0.04 

Heat supply from solar thermal heat for base-case and 
actions 

0.66 0.13 0.72 0.20 

Source: own compilation     

 

Table 18: Characterisation factors of heat supply in COMBI in the Industrial sector 

Type Biotic Raw 
Materials 

Fossil Fuels Metal Ores Minerals Unused 
extraction 

Carbon 
Footprint 

direct GHG 
emissions 

unit g/kWh g CO2e/kWh 

Heat supply from coal for base-case 
and actions 

3 4 5 10 1,019 474 340.2 

Heat supply from natural gas for base-
case and actions 

0 91 7 7 200 246 202.0 

Heat supply from oil for base-case and 
actions 

0 109 8 8 79 335 263.9 

Heat supply from district heating for 
base-case and actions 

80 34 8 7 279 194 138.4 

Heat supply from biomass for base-
case and actions 

202 10 15 26 137 57 0.0 

Heat supply from ambient heat for 
base-case 

0 1 25 1 29 27 0.0 

Heat supply from ambient heat for 
actions 

0 1 25 1 29 26 0.0 

Heat supply from solar thermal heat 
for base-case and actions 

3 3 194 9 210 22 0.0 

Source: own compilation        
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Table 19: Characterisation factors for raw material costs of heat supply in the Industrial sector 

Type embodied metal 
costs 

embodied fossil 
fuel costs 

external metal 
costs 

external fossil 
fuel costs 

unit EUR cent/kWh 

Heat supply from coal for base-case and actions 0.02 1.34 0.02 0.18 

Heat supply from natural gas for base-case and actions 0.03 2.83 0.03 6.22 

Heat supply from oil for base-case and actions 0.04 3.81 0.03 6.11 

Heat supply from district heating for base-case and 
actions 

0.03 1.28 0.03 2.24 

Heat supply from biomass for base-case and actions 0.06 0.41 0.07 0.61 

Heat supply from ambient heat for base-case 0.05 0.03 0.04 0.04 

Heat supply from ambient heat for actions 0.05 0.03 0.04 0.04 

Heat supply from solar thermal heat for base-case and 
actions 

0.66 0.13 0.72 0.20 

Source: own compilation     

4.3 Use Phase - final energy use and supply of fuel in Europe 

Fuels for vehicles are differentiated according to the WP 2 input data into: 

§ Gasoline 
§ Diesel 
§ LPG 
§ CNG 
§ Biogas 
§ Bioethanol (Blend) 
§ Biodiesel (Blend) 
§ Hydrogen 

 

4.3.1 Data sources and assumptions for fuel model (transport fuels) 

All calculations are based on EcoInvent 3.1. processes for the provision of fuels in Europe. 
Assumptions on energy content and direct CO2e combustions are based on the Well-to-Wheel as 
well as Well-to-tank analysis by the JRC (Edwards, Larivé, Rickeard, & Weindorf, 2014; Edwards et 
al., 2014), while the shares for substitution of gasoline and diesel with bioethanol and biodiesel 
are based on the SULTAN (SUstainabLe TrANsport) models for biofuel substitution potentials in 
2030 (Hill, 2016). Data on feedstocks for biofuels are based on a study analysing biofuel 
sustainability Hamelinck, De Loveinfosse, Koper, & others (2012) and matched with available 
feedstock sources in EcoInvent, as shown in Table 20 and Table 21.  

As a result (grey areas) biofuels from wheat, barley, triticale, wine, cassava, sunflower and tallow 
could not be incorporated, increasing the share of all other biofuel sources accordingly.  
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Table 20: Feedstocks and matching of feedstock sources for bioethanol fuels (* could not be incorporated due to missing process 
data in EcoInvent) 

Feeds Amounts in ktoe Matching process, if matched Shares (all) Shares (available) 

Wheat* 861 no n.a. 30.19% n.a. 

Maize 1067 yes ethanol production 
from maize 

37.41% 57.77% 

Barley* 25 no n.a. 0.88% n.a. 

Rye 57 yes ethanol production 
from rye 

2.00% 3.09% 

Triticale* 19 no n.a. 0.67% n.a. 

Sugar beet 585 yes ethanol production 
from sugar beet 

20.51% 31.67% 

Wine* 8 no n.a. 0.28% n.a. 

Sugar Crane 138 yes ethanol production 
from sugar cane 

4.84% 7.47% 

Cassava* 0 no n.a. 0.00% n.a. 

Sorghum 0 yes ethanol production 
from sweet sorghum 

0.00% 0.00% 

Other* 92 no n.a. 3.23% n.a. 

Total 2852   100.00% 100.00% 

Source: own compilation based on Hamelinck, De Loveinfosse, Koper, & others (2012) 

 

Table 21: Feedstocks and Matching of feedstock sources for biodiesel fuels (* could not be incorporated due to missing process 
data in EcoInvent) 

Feeds Amounts in ktoe Matching process, if matched Shares (all) Shares (available) 

Rapeseed 6129 yes esterification of rape 
oil - Europe 

52.71% 56.26% 

Soybean 2127 yes esterification of 
soybean oil - BR 

18.29% 19.52% 

Palm 1583 yes esterification of 
palm oil - RoW 

13.61% 14.53% 

Sunflower* 133 no  1.14% n.a. 

Tallow* 481 no  4.14% n.a. 

RVO 1056 yes treatment of waste 
cooking oil, purified, 
esterification 

9.08% 9.69% 

Other* 119 no  1.02% n.a. 

Total 11628   100.00% 100.00% 

Source: own compilation based on Hamelinck, De Loveinfosse, Koper, & others (2012) 

The supply for natural gas is modelled according to a recent study by the Oxford University 
(Honoré, 2014) and matched with available natural gas provision processes in EcoInvent (see 
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Table 22 for resulting shares in the supply mix). These processes already account for natural gas 
imports from different sources, including countries from outside the European Union.  

Table 22: Supply mix for transport fuel from natural gas in COMBI 

Country Share in Supply 

Belgium 4.68% 

Germany 23.14% 

Spain 7.85% 

France 11.29% 

UK 20.11% 

Hungary 2.48% 

Italy 18.32% 

Netherlands 12.12% 

Source. Own compilation based on Honoré (2014)  

 

4.3.2 Characterisation factors for fuel model (transport fuels) 

Table 23 and Table 24 list the characterisation factors for final energy use by fuels in COMBI. 
Biofuels are listed in form of blends in 2030 and in theoretical pure form.  

Table 23: Characterisation factors of fuel supply in COMBI  

Type Biotic Raw 
Materials 

Fossil Fuels Metal Ores Minerals Unused 
extraction 

Carbon 
Footprint 

direct GHG 
emissions 

unit g/kWh g CO2e/kWh 

Gasoline 1 108 9 10 92 336 264 

Diesel 0 104 7 9 80 316 264 

LPG 0 97 6 7 66 292 237 

CNG 0 106 7 8 212 248 202 

Biogas 6 10 48 20 355 227 0 

Bioethanol (10.28 % biofuel) 1 104 15 20 131 334 231 

Biodiesel (12.62 % biofuel) 1 88 11 20 103 285 230 

Hydrogen 0 48 7 13 61 62 0 

Bioethanol (pure) 7 64 69 106 471 319 0 

Biodiesel (pure) 2 28 42 91 283 201 0 

Source: own compilation        
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Table 24: Characterisation factors for raw material costs of fuel supply in COMBI (transport fuels) 

Type embodied 
metal costs 

embodied 
fossil fuel 
costs 

external 
metal costs 

external 
fossil fuel 
costs 

unit EUR cent/kWh 

Gasoline 
0.06 3.77 0.04 6.06 

Diesel 
0.03 3.61 0.03 5.79 

LPG 
0.03 3.39 0.02 5.45 

CNG 
0.03 3.28 0.03 7.24 

Biogas 
0.18 0.48 0.18 0.61 

Bioethanol (10.28 % biofuel) 
0.08 3.61 0.07 5.86 

Biodiesel (12.62 % biofuel) 
0.05 3.08 0.05 4.97 

Hydrogen 
0.03 1.53 0.02 2.86 

Bioethanol (pure) 
0.28 2.26 0.30 4.09 

Biodiesel (pure) 
0.17 0.96 0.17 1.72 

Source: own compilation     

 

5 Production phase models 

The following products have been integrated into production phase models in terms of their 
lifecycle-wide resource use and GHG emissions.  

§ 14 types of Cars in 3 weight classes 
§ 7 types of Busses 
§ Light Duty Trucks 
§ Freight trains 
§ 6 types of lighting systems 

All systems were modelled cradle-to-gate with no consideration of transports to distribution (see 
3.2) or use phase, as the latter is already captured by the use phase models. In accordance with 
the system boundaries, all systems are produced with current production recipes and current 
material and energy flows. Differences due to auto-production within countries or imports of 
finished products from other countries are not accounted for – resulting in the same characterisa-
tion factors for each country. Results therefore only differ in regard to the shares of product types 
in each country and scenario as provided by WP 2 input data.  
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5.1 Lighting Systems 

WP 2 provided input data on the stocks of lighting systems per type in each country and each 
scenario. Additional input data included information on the operating hours as well as number of 
light points in a typical lighting system in each country for residential buildings. For tertiary 
buildings only the typical operating hours could be differentiated by country. The number of light 
points had to be based on additional literature. A recent study by the IEA Solar Heating and 
Cooling Programme (Dubois et al., 2016) listed the number of lighting points for residential, 
commercial and industrial buildings as well as the overall number of buildings and floor area in the 
US in 2010. These values were used to calculate an average number of lighting points per tertiary 
building and thus lighting system for COMBI. Table 25 shows the resulting operating hours and 
number of lighting points, which were used for quantification.  
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Table 25: Number of lighting points per lighting systems and operating hours in COMBI 

Country (base-case and 
efficiency) 

Number of lighting 
points for residential 
actions 

Operating hours for 
residential actions 

Number of lighting 
points for tertiary 
actions 

Operating hours for 
tertiary actions 

Austria 26 459 h/yr 376.4 2,134 h/yr 

Belgium 26 458 h/yr 376.4 2,234 h/yr 

Bulgaria 10 932 h/yr 376.4 4,608 h/yr 

Croatia 14 459 h/yr 376.4 2,067 h/yr 

Cyprus 16 459 h/yr 376.4 2,300 h/yr 

Czech Rep. 10 98 h/yr 376.4 2,280 h/yr 

Denmark 25.4 637 h/yr 376.4 3,037 h/yr 

Estonia 25 224 h/yr 376.4 1,107 h/yr 

Finland 23.5 459 h/yr 376.4 2,496 h/yr 

France 18.9 459 h/yr 376.4 2,256 h/yr 

Germany 32 444 h/yr 376.4 2,228 h/yr 

Greece 7 420 h/yr 376.4 2,100 h/yr 

Hungary 18 388 h/yr 376.4 1,912 h/yr 

Ireland 18 459 h/yr 376.4 2,256 h/yr 

Italy 18 529 h/yr 376.4 2,816 h/yr 

Latvia 20 459 h/yr 376.4 2,140 h/yr 

Lithuania 6 459 h/yr 376.4 2,247 h/yr 

Luxembourg 20 459 h/yr 376.4 2,262 h/yr 

Malta 15 459 h/yr 376.4 2,242 h/yr 

Netherlands 40 459 h/yr 376.4 2,661 h/yr 

Poland 20 459 h/yr 376.4 2,250 h/yr 

Portugal 11.4 209 h/yr 376.4 1,039 h/yr 

Romania 10 300 h/yr 376.4 1,485 h/yr 

Slovakia 15 459 h/yr 376.4 1,866 h/yr 

Slovenia 19 459 h/yr 376.4 2,351 h/yr 

Spain 25 459 h/yr 376.4 2,305 h/yr 

Sweden 22 515 h/yr 376.4 2,298 h/yr 

United Kingdom 20 394 h/yr 376.4 2,162 h/yr 

Source: Own compilation based on WP 2 input data and Dubois et al. (2016) 

5.1.1 Cradle-to-gate analysis for Lighting Systems 

The necessary bills of materials for the six different lamp types are based on the Preparatory 
Study on Light Sources for Ecodesign and/or Energy Labelling Requirements (European 
Commission, 2015). Each lamp type in the WP 2 input data had to be matched to a suitable 
inventory in this data beforehand. LED lamps for example were assumed to be retrofit lamps, 
which can replace common incandescent lamps without the additional installation of control gear.  



D4.4 Methodology and quantification of resource impacts  COMBI   GA No. 649724 

 58 

Additional data needs were lamp weight, life time, electricity demand for production and lighting 
efficacy in both the WP 2 input data and source of material inventory. The latter was used to scale 
the number of lights necessary to match the efficacy in COMBI. 

Electricity for production was assumed to be a global mix on medium voltage level and is based on 
a report by the U.S. department of Energy in 2012 (Scholand & Dillon, 2012). As there was no data 
available on the electricity demand for LFL and HID production, values on CFL were used for these 
types. Table 26 lists all lamp types and their characteristics as well as sources. 

 

Table 26: Characteristics of lighting systems for COMBI 

Source: Own calculations and assumptions based on WP 2 input data, European Commission (2015); Scholand & Dillon (2012) 

5.1.2 Characterisation factors for lighting systems in COMBI 

All characterisation factors for lighting systems were aligned with the WP 2 input data and refer to 
the functional unit of 1,000 buildings. The calculations are based on the data described in section 
5.1.1, using the EcoInvent 3.1. database and the COMBI impact method.  

The modelling approach was pragmatic (static average factors) and focused on aligning the 
product types to each other in terms of matching between materials used and material provision 
processes in the database, allocation rules and assembly (consistency before accuracy).  

Lamp type Technology Weight 
[g] 

Power 
[W] 

Lifetime 
[yr] 

Electricity  
[MJ/part] 

Efficacy in COMBI 
[lm/W] 

Efficacy in 
source 
[lm/W] 

Incandescent (IL) Main voltage non-directional 
non-reflector 

25 54 2.2 0.24 14 9.5 

Halogen (HL)a Main voltage non-directional 24 36 3.3 0.49 15 12 

Linear Fluorescent 
(LFL)b 

T5 (tri-phosphor with 
electronic ballast) 

80 25 28.6 1.64 60 91 

Compact Fluorescent 
(CFL)c 

CFL with integrated ballast 60 9.5 12 1.64 60 55 

Light Emitting Diode 
(LED)d 

Retrofit lamp with integrated 
control gear 

150 11.2 40 4.21 80 89 

High-intensity 
Discharge (HID)e 

Non-directional metal halide 
(MH) 

110 160 2 1.64 82 82 

a Assumptions & Matching: 50 % material losses for tungsten in the filament and krypton for gas fillings 

b Assumptions & Matching: Molybdenum for the electrode and CaO for the electrode coating; Tri-phosphor assumed to 
be rare earth concentrate 

c Assumptions & Matching: Tri-phosphor assumed to be rare earth concentrate 

d Assumptions & Matching: Housing assumed to consist of 50 % TiO2 and 50 % glass fibre; electronic grade silicone for 
carrier; Phosphor assumed to be rare earth concentrate 

e Assumptions & Matching: Burner gas omitted from inventory; rare earth concentrate for salt mix; molybdenum for 
pen; 30 % Aluminium in casting 
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The characterisation factors are therefore not suitable for the comparison of technologies. When 
used in another context then COMBI, they should be indicated as estimations, as they are intended 
to compare shares of these lighting types in different scenarios.  

Table 27 and Table 28 list the impacts for the production of 1,000 lights in EU-28, regardless of 
the sector, lifetime, operating hours and number of lights in a building. The resulting characterisa-
tion factors by country and sector can be found in the Annex. 

Table 27: Characterisation factors of lighting systems in COMBI (1,000 lights) 

Type Biotic Raw 
Materials 

Fossil Fuels Metal Ores Minerals Unused 
extraction 

Carbon Footprint 

unit kg per 1,000 lights kg CO2e per 1,000 lights 

IL 28 84 1,078 263 1,781 536 

HL 34 111 1,980 307 2,855 697 

LFL 97 404 9,914 1,066 17,689 2,784 

CFL 83 382 8,165 822 14,316 2,564 

LED 143 779 15,743 1,552 29,891 5,134 

HID 751 3,330 109,210 9,058 182,917 23,564 

Source: own compilation 

Table 28: Monetisation factors of lighting systems in COMBI (1,000 lights) 

Type embodied 
Metal Costs 

embodied 
Fossil Fuel 
Costs 

external  
Metal Costs 

external  
Fossil Fuel 
Costs 

unit EUR per 1,000 lights 

IL 28 33 26 53 

HL 59 42 49 68 

LFL 376 166 204 250 

CFL 289 156 155 236 

LED 640 308 469 470 

HID 4,080 1,378 2,230 2,036 

Source. own compilation 

5.2 Vehicles 

5.2.1 Production of passenger cars and busses in the EU-28 by 2030 

WP 2 provided also input data on the stocks of passenger cars and busses per type and weight 
class in each country and each scenario. 

The modelling of passenger transport including these different types of cars and busses is based 
on STROM (Benjamin Frieske et al., 2015), which included several life cycle assessments of 
electric mobility and vehicles with an internal combustion engine. The comparison of the assessed 
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car types and those to investigate in COMBI shows that there is data for seven of the 14 different 
car types in COMBI. Hence some types are assumed to be equivalent to some other types in the 
production phase. In detail, both advanced types are considered as baseline types, while the LPG 
drive train is assumed as CNG drive train. The two remaining types with internal combustion 
engines using ethanol and hydrogen are considered to be equivalent to the gasoline type. The 
hybrid vehicles were not distinguished between gasoline and diesel drive train, so the gasoline is 
chosen for the respective types. 

The assumptions made to minimize the lack of data are shown in Table 29. 

Table 29: Car types and used drive train 

Passenger car type Used drive train based on STROM 

Internal combustion engine (ICE) gasoline baseline ICE gasoline 

ICE gasoline advanced ICE gasoline 

ICE diesel baseline ICE diesel 

ICE diesel advanced ICE diesel 

ICE LPG retrofit ICE CNG 

ICE CNG/LNG retrofit ICE CNG 

ICE ethanol ICE gasoline 

ICE hydrogen ICE gasoline 

HEV Hybrid gasoline Hybrid gasoline 

HEV Hybrid diesel Hybrid gasoline 

Plug-in Hybrid PHEV gasoline Plug-In Hybrid gasoline 

Plug-in Hybrid PHEV diesel Plug-in Hybrid gasoline 

Battery electric vehicle BEV Battery electric 

Fuel cell FC hydrogen Fuel cell electric 

Source: own compilation 

The data of the 2030 scenario of STROM is used for all types of passenger cars. The processes are 
a reconstruction of the passenger car types of STROM, which were based on the EcoInvent 3.1 
database (G. Wernet et al., 2016).  

During the reconstruction two problems were noticed. The first one concerns the supply of electric 
energy. Because the EcoInvent database does not include the then used process, a process is 
used, which originally produces a glider for cars. By removing all material flows except those that 
produce energy, the process represents a pure energy mix for glider production. The second 
necessary assumption concerns the production of the batteries. As the recognised carbon 
footprint was unusual high, first investigations showed, that up to 25 % of the carbon footprint 
stem from the tetrafluoroethylene (TFE) production. The process for TFE has been built in 1998 
and is using chlorodifluoromethane (R-22), which is not allowed to service refrigeration and air-
conditioning equipment since 2015 (Department for Environment, Food and Rural Affairs, 2012). 
Assuming, TFE is not used for batteries in 2030, because it is expensive and has a great 
environmental impact, this flow has been replaced by the same volume of polyvinyl fluoride (PVF). 
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The chemical PVF has similar characteristics as TFE and is chosen as substitute material, as there 
is no process for the often-used polyvinylidene fluoride (PVDF). 

Further the model differentiates between three different weight classes, the assumptions are 
shown for passenger cars and busses in Table 30. As the cars in STROM do not distinguish 
between weight classes but are modelled as standard cars with differing weights, an up and down 
scaling of the standard cars is done with respect to the assumed weight classes. 

The busses are based on a MAN Lion’s City M (Dominique Nadelhofer & MAN SE, 2012), which 
weighs 11 tons in total, with a diesel internal combustion engine (MAN D0836), which weighs 
667 kg (MAN Engines, n.d.) and a tank capacity of 210 litres. Based on the weights and the tank 
capacity an up scaling of the cars is done. The up scaling of the cars drive train (ICE diesel) shows a 
factor of 4 for the motor and a factor of 2.5 for the tank. As the total weight sums up to 11 tons, 
the sum minus the weight of the drive train is the gliders weight. The factors are assumed to be 
independent of the bus type, so the other bus types have been scaled up using the appropriate car 
type. The processes are the same as the ones used for the passenger cars. 

Table 30: Key assumptions of passenger cars and busses 

Type Weight class Weight Lifetime 

Passenger Car Small 1200 kg 12 years 

Medium 1600 kg 12 years 

Large 2000 kg 12 years 

Bus Standard 11000 kg 13 years 

Source: own calculations    

 

5.2.2 Production of trucks and freight trains in the EU-28 

The light duty trucks or light commercial vehicles are assumed to be the same as large cars in the 
passenger transport model. Scaling factors and material inventories remained the same.  

The production of freight trains is based on the EcoInvent processes "goods wagon production" 
and "locomotive production" in the Rest-of-Europe (RER). For each country a loading factor was 
drawn from the input data in WP 2, that allowed attaching a specific number of wagons to each 
locomotive as shown in Table 31. 

Table 31: Characterisation factors for freight train production 

Country Average load factor in 
[tons/vehicle] 

Number of wagons in 
[wagons/locomotive] 

Material Footprint in 
[tons/1,000 MU] 

Carbon Footprint in 
[tons CO2e/1,000 MU] 

Austria 350.3 13.6 207,879.9 23,556.1 

Belgium 563.7 21.9 334,484.7 37,902.5 

Bulgaria 478.0 18.5 283,672.2 32,144.6 

Croatia 386.0 15.0 229,069.0 25,957.2 

Cyprus 0.0 0.0 0.0 0.0 

Czech Rep. 438.8 17.0 260,371.8 29,504.3 

Denmark 602.3 23.4 357,434.0 40,503.0 
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Country Average load factor in 
[tons/vehicle] 

Number of wagons in 
[wagons/locomotive] 

Material Footprint in 
[tons/1,000 MU] 

Carbon Footprint in 
[tons CO2e/1,000 MU] 

Estonia 1,629.8 63.2 967,113.2 109,589.4 

Finland 611.2 23.7 362,697.0 41,099.4 

France 452.1 17.5 268,305.1 30,403.3 

Germany 412.7 16.0 244,900.4 27,751.1 

Greece 625.3 24.3 371,032.0 42,043.9 

Hungary 466.0 18.1 276,514.0 31,333.5 

Ireland 502.7 19.5 298,326.1 33,805.1 

Italy 303.8 11.8 180,300.0 20,430.9 

Latvia 1,653.4 64.2 981,153.2 111,180.4 

Lithuania 1,512.3 58.7 897,430.8 101,693.3 

Luxembourg 268.1 10.4 159,122.4 18,031.1 

Malta 0.0 0.0 0.0 0.0 

Netherlands 719.4 27.9 426,925.5 48,377.5 

Poland 634.7 24.6 376,629.3 42,678.1 

Portugal 308.1 12.0 182,812.5 20,715.6 

Romania 607.0 23.6 360,217.7 40,818.4 

Slovakia 647.5 25.1 384,251.5 43,541.9 

Slovenia 417.1 16.2 247,511.5 28,047.0 

Spain 323.5 12.6 191,942.7 21,750.2 

Sweden 577.3 22.4 342,595.3 38,821.5 

United Kingdom 541.2 21.0 321,169.4 36,393.6 

Source: own calculations based on EcoInvent 

  

The production of heavy duty truck is based one the EcoInvent process "production of lorry, 28 
tons" in Rest-of-Europe (RER) with an average load per truck of 5.82 tons per vehicle. The average 
lifetime of the vehicle is assumed to be 8.13 years, as reported for the year 2014 by the European 
Environmental Agency (EEA, 2016). For each country a loading factor was drawn from the WP 2 
input data and multiplied with the average load to calculate country-specific characterisation 
factors (see also Table 32). As a result of the usage of one average truck type, differences in the 
production mix (e.g. higher shares for advanced trucks) cannot be incorporated into the model. 
Differences in product stocks rather than product types account for the impacts during production. 

Table 32: Characterisation factors for heavy duty truck production 

Country Average load factor in 
[tons/vehicle] 

Number of vehicles in 
[vehicles/1,000 units] 

Material Footprint in 
[tons/1,000 units] 

Carbon Footprint in 
[tons 
CO2e/1,000 units] 

Austria 8.3 1,425.8 52,050.6 5,925.6 

Belgium 3.4 582.3 21,258.9 2,420.2 

Bulgaria 10.5 1,800.0 65,711.4 7,480.8 
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Country Average load factor in 
[tons/vehicle] 

Number of vehicles in 
[vehicles/1,000 units] 

Material Footprint in 
[tons/1,000 units] 

Carbon Footprint in 
[tons 
CO2e/1,000 units] 

Croatia 6.2 1,066.8 38,946.8 4,433.8 

Cyprus 2.7 467.9 17,081.2 1,944.6 

Czech Rep. 7.5 1,280.2 46,737.1 5,320.7 

Denmark 4.7 814.2 29,725.3 3,384.0 

Estonia 6.6 1,138.5 41,562.9 4,731.6 

Finland 6.7 1,146.7 41,861.7 4,765.7 

France 5.5 946.4 34,550.9 3,933.4 

Germany 5.8 1,002.4 36,595.6 4,166.1 

Greece 4.1 701.1 25,594.9 2,913.8 

Hungary 7.8 1,346.2 49,144.9 5,594.8 

Ireland 6.5 1,115.0 40,707.0 4,634.2 

Italy 5.4 925.9 33,800.6 3,848.0 

Latvia 6.4 1,092.9 39,898.6 4,542.2 

Lithuania 8.0 1,379.6 50,365.4 5,733.7 

Luxembourg 3.4 576.8 21,057.0 2,397.2 

Malta 0.7 122.2 4,461.7 507.9 

Netherlands 7.2 1,236.5 45,142.1 5,139.1 

Poland 6.7 1,152.6 42,078.7 4,790.4 

Portugal 8.4 1,441.4 52,622.8 5,990.7 

Romania 3.6 620.9 22,667.4 2,580.5 

Slovakia 5.8 1,000.8 36,535.0 4,159.3 

Slovenia 7.5 1,293.3 47,215.9 5,375.2 

Spain 4.0 693.9 25,334.0 2,884.1 

Sweden 10.5 1,804.6 65,879.1 7,499.9 

United Kingdom 5.0 863.7 31,532.0 3,589.7 

Source: own calculations based on EcoInvent and EEA, 2016 
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6 Results - impacts per year 

6.1 Residential Sector 

6.1.1 Use Phase Impacts in the Residential Sector (Actions 1 to 4) 

With help of energy efficiency actions in the residential sector, 125 million tons of natural 
resources could be saved (see Figure 10). 76 % of the savings are based on reduced energy use for 
retrofitted buildings (Action 1), followed by 11.5 % from electricity savings for lighting systems 
(Action 2). 

The highest total savings per country were calculated for Germany (25.8 million tons), France 
(15.7 million tons) and Italy (14.5 million tons). On average, 406 kg of MF were saved per MWh 
difference in final energy use (309 TWh).  

Figure 10:  Material Footprint Savings in the residential sector for all EU-28 countries 

 
The sub-impacts for Material Footprint, the raw material demand for biotic raw materials, 
minerals, fossil fuels and metals, amounts to savings of 40.8 million tons of raw materials (see 
Figure 11). Fossil Fuels account for 53 %, Biotic Raw Materials for 25 %, Metal Ores for 12 % and 
Minerals for 10 % of these savings.  

80 % of the Abiotic Raw Material Savings and 94 % of the Biotic Raw Material Savings stem from 
Action 1 and the resulting lower final energy use for retrofitted buildings. This high impact of 
retrofitting actions remains high when looking at the sub-impacts: 77 % of Fossil Fuel Savings, 
98 % of Metal Ore Savings and 79 % of Mineral Savings are solely based on Action 1. New 
dwellings on the other hand, require additional Biotic Raw Materials in some countries, although 
the extent of this effect is very low (summing up to 0.04 additional million tons).   
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Figure 11:  Use Phase Savings in the Residential Sector - by Sub-Impacts for Raw Materials 

 
In terms of embodied costs, up to EUR 7,173 million for Fossil Fuels and EUR 168 million for 
Metals could be saved just from lower demand for these raw materials. The external cost savings 
amount to EUR 14,399 million for Fossil Fuels and EUR 146 million for Metals. The latter is 
compensated partly by additional external Metal Costs for new dwellings in Action 2 (additional 
costs of EUR 46 million). The highest external Fossil Fuel cost savings per country can be found in 
Germany (EUR 2,633 million), France (EUR 2,035 million) and the UK (EUR 2,028 million). 

The savings in GHG emission amount to 79.8 million tons CO2e globally (Carbon Footprint) and 
57.7 million tons CO2e directly combusted (see Figure 12). Energy savings in retrofitted buildings 
(Action 1) are responsible for 77 % of the Carbon Footprint and 78 % of the direct GHG. Larger 
savings can also be attributed to new dwellings with lower energy demand (Action 2): 17 % for 
Carbon Footprint and 20 % for direct GHG. On average 258 kg CO2e of Carbon Footprint and 
187 kg CO2e of direct GHG are saved per MWh reduced energy demand in the efficiency scenario. 
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Figure 12:  Use Phase Savings in the Residential Sector - by GHG Emissions 

 

6.1.2 Impacts from Lighting Systems (Production Phase) in the Residential Sector (Action 3) 

The different stocks and shares of lighting systems in the two scenarios do not result in additional 
demand for natural resources. However, the savings effect is rather low compared to the savings 
during the use phase. While energy efficient lighting systems save up 14.5 million tons of natural 
resources during their usage in the year 2030, the different shares of lighting types only amounts 
to savings of 0.25 million tons. Additional demand for materials is partly responsible for the small 
size of the effect: linear fluorescent and LED lamps require an additional amount of 0.41 million 
tons of resources, while lower stocks for halogen and compared fluorescent lamps save up to 0.66 
million tons.  

The majority of raw material savings stem from lower demand for metal ores (see Table 33). 
108,800 tons of Metal Ores are saved overall in Action 3, of which the savings of Metal Ores for 
halogen lamps (208,400 tons) are mainly offset by additional Metal Ores for LED lamps (118,469 
tons).  

In terms of impacts on the Carbon Footprint (direct GHG only attributed to use phase models), only 
0.04 million tons of CO2e are saved additionally during the production phase (compared to 3.5 
million tons CO2e during the use phase).  
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Table 33: Metal Ore Impacts for Production Phase of Lighting Systems 

Country IL HL LFL CFL LED HID 

Unit tons of Metal Ores per Country (negative values indicate savings) 

Austria 

No
 d

iff
er

en
ce

s 
be

tw
ee

n 
sc

en
ar

io
s 

 -4,557   335   -747   2,591  

No
 d

iff
er

en
ce

s 
be

tw
ee

n 
sc

en
ar

io
s 

Belgium  -6,415   472   -1,052   3,647  

Bulgaria  -2,445   180   -401   1,390  

Croatia  -1,078   79   -177   613  

Cyprus  -239   18   -39   136  

Czech Rep.  -452   33   -74   257  

Denmark  -4,462   328   -732   2,537  

Estonia  -299   22   -49   170  

Finland  -2,722   200   -446   1,547  

France  -23,780   1,749   -3,900   13,519  

Germany  -52,854   3,886   -8,668   30,047  

Greece  -1,107   81   -181   629  

Hungary  -2,410   177   -395   1,370  

Ireland  -1,478   109   -242   840  

Italy  -24,025   1,767   -3,940   13,658  

Latvia  -614   45   -101   349  

Lithuania  -246   18   -40   140  

Luxembourg  -297   22   -49   169  

Malta  -116   9   -19   66  

Netherlands  -13,982   1,028   -2,293   7,949  

Poland  -13,017   957   -2,135   7,400  

Portugal  -865   64   -142   491  

Romania  -2,058   151   -338   1,170  

Slovakia  -1,320   97   -217   751  

Slovenia  -717   53   -118   407  

Spain  -18,258   1,343   -2,994   10,380  

Sweden  -5,624   414   -922   3,197  

United Kingdom  -22,953   1,688   -3,764   13,048  

Total EU -  -208,389   15,323   -34,176   118,469  - 

Source: own calculation 

6.2 Tertiary Sector 

6.2.1 Use phase impacts in tertiary buildings (Actions 5 to 8) 

Savings for natural resources for building actions in the tertiary sector amount to 111 million tons 
overall, of which 50 million tons are saved by lighting systems (Action 7), 49 million tons by 
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retrofit actions (Action 5), 10 million tons by improvements for cooling systems (Action 8) and only 
1 million tons by new buildings (Action 6). As Figure 13 shows, Germany is profiting the most from 
savings in energy for lighting systems: more than 50 % of the Material Footprint savings (26 
million tons) can be attributed to Germany with its relatively high Material Footprint for electricity 
production in 2030 (stemming from assumptions on the electricity generation mix for 2030 based 
on PRIMES), but also higher overall demand for lighting electricity in this sector (see section 3.4.3). 
The same holds true for Poland, which accounts for overall savings of 13 million tons of which 7 
million tons can be attributed to lower electricity use for lighting systems.  

In regard to retrofitted buildings, the highest savings are achieved in Germany (0.5 million tons), 
Italy (6.4 million tons) and France (5.6 million tons). On average 706 kg of Material Footprint are 
saved per MWh lower energy demand in the tertiary sector (around 157 TWh difference between 
the two scenarios). 

Figure 13:  Material Footprint of actions in the Tertiary Sector  

 
With regard to the sub-impacts, abiotic raw materials are saved in all countries for all actions 
summing up to 21.2 million tons. These savings are dominated by savings in fossil fuels (45 %) and 
metal ores (42 %), while minerals play a minor role (13 %).   
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Biotic raw materials are saved in total as well (1.6 million tons), but are compensated to some 
extent by additional biotic raw material requirements for retrofitted and new buildings in the some 
countries (see Figure 14). Reasons for this are not only the actual additional heating demand from 
biomass sources in the WP 2 input data, but also assumptions made in the heat supply model for 
the provision of district heat (around 32 % stems from bio-waste and woodchips).  

Figure 14 Biotic Raw Materials of actions in the Tertiary Sector 

 
Direct cost savings in the tertiary sector sum up to EUR 3.5 million, of which EUR 3.3 million are 
attributed to lower demand for fossil fuels. External costs savings are significantly higher with 
EUR 9.5 million for fossil fuels and EUR 0.4 million for metals.  

41 million tons of CO2e are saved globally (Carbon Footprint) and 22 million tons CO2e directly by 
actions in the tertiary sector (see Figure 15). Main drivers for these savings are retrofitted 
buildings (60 % of CF and 70 % of direct GHG) and lower electricity demand for lighting systems 
(26 % of CF and 14 % of direct GHG). On average, 140 kg of CO2e are saved per MWh lower energy 
demand in the tertiary sector.  
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Figure 15:  Use Phase Savings in the Tertiary Sector - by GHG Emissions 

 

6.2.2 Impacts from lighting systems (production phase) in the tertiary sector (Action 7) 

The production of lamps for lighting systems in the two scenarios equals savings of 1.1 million 
tons of Material Footprint. 0.5 million tons are saved abiotic raw materials, of which 0.4 million 
tons can be attributed to savings in metal ores. In opposition to the results for the residential 
sector, all lamps except LEDs contribute to these savings. The latter requires additional 
914,900 tons of Material Footprint with 299,400 tons for metal ores.  

Globally, only 90,400 tons of CO2e can be saved from the production of lighting systems, while 
the results on the use phase accounted for over 40 million tons CO2e.  

6.3 Passenger transport 

6.3.1 Use phase impacts in passenger transport (Actions 9 to 12) 

The efficiency scenario for passenger transport is dominated by a shift towards electrified cars 
and cars fuelled by hydrogen. Transport by two-wheelers and buses are affected by this as well, 
but to a significantly lower extent. The Material Footprint therefore shows large savings of natural 
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resources from lower demands for fossil fuels, which are not off-set by the higher demands for 
hydrogen and electricity (see Figure 16). In total (net effect), 56 million tons of resources could be 
saved compared to the base-case scenario, of which 64 % are considered to be fossil fuels.  

However, some additional resources are required to provide the necessary modal shift towards 
bus and public transport. While direct changes in car and two-wheeler transport account for 57 
million tons saved (more than 99 % of it attributed to cars), additional 0.6 million tons are required 
for the modal shift and 0.2 million tons for bus transport. These resource investments are mainly 
natural resources from unused extraction (excess of 5.5 million tons) in the electricity production 
and to lower extent biotic raw materials (excess of 0.2 million tons).  

Figure 16:  Gross Material Footprint of Passenger Transport in COMBI [tons] 

 
Two drivers can be identified for the additional demand for biotic raw materials: the larger demand 
for biofuels and the modal shift towards electrified trains. Figure 17 shows the biotic raw material 
demand of the efficiency actions in the passenger transport sector. While the net effect is a saving 
of biotic raw materials in most countries, some countries require additional extractions. The 
largest contributors are the United Kingdom (excess of 112,000 tons), the Netherlands (excess of 
26,000 tons) and Poland (excess of 24,000 tons). Train transport requires additional 238,000 tons 
and biodiesel from modal shift for buses amounts to an excess of 501,000 tons, while electrified 
cars demand additional 176,000 tons of Biotic Raw Materials between base-case and efficiency 
scenario.  

Metal ores are also affected by the Modal Shift. 2 million tons of metal ores can be saved alone 
from cars in Action 11, but metals for modal shift (excess of 288,000 tons), busses (excess of 
66,000 tons) and two-wheelers (excess of 800 tons), reduce the savings to 1.6 million tons.  
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Figure 17:  Gross Biotic Raw Material effect for Passenger Transport in COMBI [tons] 

 
Greenhouse gas emissions are affected positively in every country and for every action. 
110 million tons CO2e could be saved globally (Carbon Footprint) and 90 million tons CO2e directly 
from changes in the energy mix and mobility preferences in the EU-28. Cars alone (Action 11) 
require 96 millions tons of CO2e less (87 % of the savings), while a shift towards electrification still 
contributes with savings of 13 million tons of CO2e (Carbon Footprint in both cases). The highest 
benefits for GHG emissions can be found in Germany (18.7 million tons CO2e), France (15.7 million 
tons CO2e) and Italy (14.5 million tons CO2e).  
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Figure 18:  Carbon Footprint of Passenger Transport (use phase) by Member State and Action  
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efficiency scenario. The comparison of reference and modal shift shows weak decreases over all 
types of cars, which sums up to 9 million cars, while the comparison of modal shift and efficiency 
scenario shows a significant shift from baseline cars with a diesel or a gasoline drive train to 
advanced diesel and gasoline types as well as small increases of car types with electric drive trains 
like hybrid types.  

Figure 19:  Total amount of cars by scenario and class in COMBI 
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Figure 20:  Differences between the Modal Shift and Reference scenario and between the Efficiency and the Modal Shift 
scenario by car class 

 
 

Figure 21 shows the total amount of busses in the EU-28 in 2015 and 2030. Remarkable is the 
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Figure 21:  Total number of busses by scenario and class in the EU 
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Figure 22:  Differences between the Modal Shift and Reference scenario and between the Efficiency and the Modal Shift 
scenario by bus class 
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Figure 23:  Change of Carbon Footprint by Action for Passenger Transport (Production Phase without Two-wheelers) 
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Figure 24:  Change of Carbon Footprint by country for Passenger Transport (Production Phase without Two-wheelers) 
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Figure 25:  Change of Material Footprint by action in Passenger Transport (Production Phase without Two-wheelers) 
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Figure 26:  Change of Material Footprint by country for Passenger Transport (Production Phase without Two-wheelers) 
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Figure 27:  Change of Abiotic Raw Material Consumption by action 
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Figure 28:  Change of Abiotic Raw Material Consumption by country for Passenger Transport (Production Phase without 
Two-wheelers) 
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Figure 29:  Gross Material Footprint of actions for Freight Transport in COMBI 
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Figure 30:  Gross Material Footprint by country for Freight Transport in COMBI 
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In regard to costs, EUR 5.7 billion could be saved directly by reducing the demand for fossil fuels, 
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Fossil Fuels lead to larger impacts in savings for the Carbon then the Material Footprint.  
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6.4.2 Impacts from vehicles (production phase) in the freight transport sector (Action 13 and 
14) 

Action 13 and Action 14 account for (net) Material Footprint savings of 40.0 million tons and (net) 
Carbon Footprint savings of 6.2 million tons CO2e. Stocks for both truck types decrease in the 
efficiency scenario compared to a base case, while slightly more trains are in use. 

This modal shift effect accounts for Material Footprint savings of 61.2 million tons alone, while 
changes in the production mix for light duty trucks require additional 21.7 tons of natural 
resources. Figure 31 shows the gross Material Footprint effects and Figure 32 the gross Carbon 
Footprint effects by country. Action 15 is not included in both figures, as characterisation factors 
for heavy-duty trucks could not be further disaggregated into truck types with different engines. 
However, based on the results for cars, it can be assumed that such a differentiation would 
further decrease the positive modal shift effect for the Material Footprint and its sub-impacts. 

Figure 31:  Gross Material Footprint of vehicle production in the freight transport sector 
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Figure 32:  Gross Carbon Footprint of vehicle production in the freight transport sector 
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model could be generated from the input data. Its is also the sector with the largest savings of 
energy and thus largest savings of natural resources. As Figure 33 shows, 564 million tons could 
be saved, of which 42 % stem from more efficient motor drives and 26 % from lower energy use for 
high temperature process heating. This corresponds to 811 kg per saved MWh on average in the 
EU. The largest benefits were calculated for Germany (176 million tons), Italy (76 million tons) and 
Poland (47 million tons). This means that savings in the industry sector alone, exceed all savings in 
the other sectors combined.  

Figure 33:  Net Material Footprint of actions in the Industry Sector in EU-28 
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amounts of unused extraction, is replaced by heat from electricity, while the overall energy 
demand is also reduced. Nonetheless, savings for raw materials from used extraction are high as 
well. Figure 34 shows the savings per country for abiotic and biotic raw materials. 94 million tons 
of raw materials could be saved compared to the base case. 14  % of these materials are biotic raw 
materials, 45 % fossil fuels, 29 % metal ores and 12 % minerals.  

Figure 34:  Abiotic and Biotic Raw Materials impact per country for the Industry Sector in COMBI 
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Figure 35:  Carbon Footprint and direct GHG from actions in the Industry Sector in COMBI 
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Figure 36:  Gross Material Footprint (tons) of all sectors during use phase 
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Figure 37:  Gross Carbon Footprint (tons CO2e) for all sectors during use phase 
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metal ores required for the production of advanced cars. While only 1.6 million tons of metal ores 
can be saved by differences in the fuel mix and fuel consumption, additional 29.8 million tons of 
metal ores are required to produce the vehicles.  

It can be safely assumed that this amount of negative metal ore impacts is a conservative 
estimation. Future cars are likely to be more material efficient, as material flows from secondary 
sources increase (e.g. battery materials) and driving machines will require less materials to achieve 
the same ratio of energy efficiency.  

Section 7.2 discusses this data and quantification limitation in more detail.   

Figure 38:  WP 4 Impacts (without Two-Wheelers) of Passenger Transport (use vs. production) in tons or tons CO2e 
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7 Discussion 

7.1 Influence of assumptions in the electricity model 

The method applied sums up the demand of raw materials from the ecosphere or from the input 
side of the systems and relates this account of natural resources to the final energy provided on a 
supply level in the EU. The differences in the amount of resources per unit of energy between 
energy sources are mainly driven by the use of fossil fuels and the extent of unused extraction to 
provide these fuels for combustion. The highest ratio of resources per unit of energy is attributed 
to the energy conversion technology with the lowest material efficiency and the highest unused 
extraction factor – electricity from soft coal (lignite) and hard coal. This results in comparable high 
characterisation factors for electricity in countries with high shares of coal power in the 2030 
electricity mix: the Czech Republic, Bulgaria, Estonia, Slovenia, Poland and Germany. 

As a result, not only assumptions on the magnitude of energy savings, but also assumptions on 
the energy mix and energy shift in 2030 highly affect the results. 

(1) Shifts towards electricity in e.g. the transport sector result in smaller savings in these 
countries. 

(2) Actions for reducing the overall electricity demand (e.g. on motor drives in industry) are 
more effective in these countries. 

(3) Energy systems with lower shares of coal-based electricity (and to a lower extent heat 
and mechanic energy from fossil fuels) benefit less from efficiency actions. Different sce-
narios might even show a break-even point where additional demands for metal ores and 
minerals overcompensate the savings in fossil fuels and unused extraction. 

These effects are inherent to the method and a direct result of the input data, but not restricted to 
it. Quantifying the domestic material consumption with help of multi-regional input-output tables 
for example, as shown in a recent staff working document by the European Commission 
(European Commission, 2016), could also result in additional demands for the heat and power 
sector in some of these countries, if these assumptions and scenarios are used.  

7.2 Limitations of the quantification 

While data limitations and lower data accuracy from assumptions and simplifications affect all 
potential methods and models, additional limitations can be identified, which are caused by the 
combination of the COMBI input data and the WP 4 methodology. 

The calculations in this report reflect a snapshot difference of two scenarios in 2030 and are 
based on three different bottom-up models for Europe. The characterisation factors are calculated 
from a life-cycle perspective and refer to one year within the lifetime of the associated 
technologies. This perception of time and space and it’s handling within the calculations, limits the 
validity of the results in the following ways: 

(1) In reality, products (e.g. power plants) are constructed and installed, but also replaced over 
the whole period of time until 2030 and beyond. Materials are therefore not only extracted 
from nature, but flow back directly from the techno-sphere via e.g. recycling. Demand for 
primary raw materials (in particular for metals and minerals) might decline compared to 
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the assumed shares of secondary materials in the models as a result of it. This also influ-
ences the direct and embodied emissions of all actions.  

(2) The two scenarios account for different raw material demands, but use the same (con-
stant) extraction ratios (raw material input per unit of material output). However, a higher 
demand for materials influences the extraction ratios in the long-run, as it might become 
economically feasible to establish new sources. This holds true in particular, if the material 
in question is required by additional sectors such as e.g. lithium for batteries. 

(3) The sizes and types of power production plants and their infrastructure remains the same 
in both scenarios. In reality, newly installed power plants and their grids would be scaled 
to match the demand. A higher demand of centralised coal power for example could result 
in higher material efficiency if one assumes an economy of scale. It could also decrease 
material efficiency, as e.g. tower and generator weights of wind turbines grow dispropor-
tionately with the rotor diameter and hub height.  

7.3 Conclusion and outlook 

COMBI pursued an ambitious goal by operationalizing, calculating and aggregating multiple 
benefits of energy efficiency in five different areas, using numerous separate methods and 
models. This research was conducted parallel to the compilation of the primary input data on the 
energy efficiency improvement actions, thus requiring a continuous adaption of the models over 
the course of the project.  

The diversity in disciplines and methods allowed to look into certain areas in high detail, but also 
limited the validity of the results in terms of consistency and synthesis and the comparability of 
the results with the results of similar projects. 

For resource and greenhouse gas emission impacts, these restraints resulted in particularly in 

§ static modelling with help of characterisation factors, 
§ simplified models for energy supply, 
§ no consideration of the production phase for most of the actions, 
§ and a EU view of a global environmental issue. 

Nonetheless, it could be shown that the use of natural resources in Europe can be understood as a 
function of energy demand and energy efficiency, which goes far beyond the direct repercussions 
of fossil fuel use in European economies.  

As a direct result of energy efficiency, one can safely assume that the overall demand for natural 
material resources declines if electricity, heat and mechanic energy is saved in residential, non-
residential, transport and industry sectors. Whether this holds true for each action and its specific 
material demand is up to further research. The results in this report indicate, that at least a higher 
demand for metals and to a lower degree for biotic materials could be an unintentional side-effect 
of some energy efficiency actions.  

This further research could also apply dynamic modelling and calculate additional resource 
impacts. While the latter might advance with the current work of the UNEP/SETAC Task Force 
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Resources10, a dynamic model could be created with little extra effort, as the necessary input data 
is no longer subject to changes. Such a model could not only incorporate the interdependencies of 
energy in Europe (e.g. via imports and exports), but also of material flows within Europe and of 
Europe with the rest of the world.  

                                                             
10 see also https://www.lifecycleinitiative.org/activities/phase-i/life-cycle-impact-assessment-programme/ 
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9 Annex 

9.1 Electricity model 

9.1.1 Electricity Production Mix EU-28 in 2030 (input data WP 2) 

By country in 
[GWh] 

Nuclear 
energy Solids 

Oil 
(including 
refinery 
gas) 

Gas 
(including 
derived 
gases) 

Biomass-
waste 

Hydro 
(pumping 
excluded) Wind Solar 

Geothermal 
and other 
renewables 

Austria 0 408 329 7,712 7,122 45,467 13,359 1,961 11 

Belgium 0 1,882 987 40,229 8,779 534 17,582 5,405 48 

Bulgaria 15,310 24,062 473 8,611 260 4,631 2,684 2,375 0 

Croatia 0 468 182 3,863 695 7,853 1,451 272 0 

Cyprus 0 0 30 4,876 152 0 850 1,254 0 

Czech Rep. 45,074 18,520 13 6,444 5,069 3,446 632 2,223 0 

Denmark 0 276 186 8,824 4,908 23 19,521 784 0 

Estonia 0 6,449 0 1,576 902 118 2,613 0 0 

Finland 59,443 4,452 22 6,043 9,501 14,157 6,706 58 0 

France 369,072 0 411 24,040 21,100 67,806 125,218 22,385 1,965 

Germany 0 135,186 1,616 144,061 64,423 25,917 163,062 55,897 560 

Greece 0 7,065 2,604 22,261 585 9,012 9,742 5,729 482 

Hungary 32,289 1,354 267 3,791 3,589 258 2,281 798 0 

Ireland 0 985 73 9,919 1,604 1,025 17,418 735 600 

Italy 0 60,029 4,896 115,587 22,864 50,983 44,223 44,408 7,232 

Latvia 0 81 50 2,681 963 3,342 1,594 1 0 

Lithuania 11,076 0 15 4,608 1,383 614 390 0 0 

Luxembourg 0 0 0 1,881 439 140 459 418 0 

Malta          

Netherlands 4,973 32,034 1,488 48,336 13,689 106 34,532 1,034 0 

Poland 48,565 117,936 301 16,261 14,302 4,812 17,084 571 0 

Portugal 0 201 97 6,295 5,387 11,898 21,390 10,905 1,070 

Romania 14,875 13,713 2,010 11,524 3,933 22,413 7,831 2,130 18 

Slovakia 26,441 2,198 51 2,536 1,694 6,144 882 1,115 0 

Slovenia 5,785 3,591 2 2,542 649 4,621 633 473 0 

Spain 57,733 33,978 2,173 91,741 10,371 35,967 90,621 35,906 58 

Sweden 73,830 1,207 109 1,716 20,886 69,694 13,224 239 0 

UK 34,923 9,629 2,246 139,003 17,993 5,392 151,832 8,907 4,033 

Source: WP 2 input data based on PRIMES 
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9.1.2 Characterisation factors for electricity model 

Table 34: Material Footprint characterisation factors for electricity 

Country Material 
Footprint 

Biotic Raw 
Materials 

Fossil Fuels Metal Ores Minerals Unused 
Extraction 

Austria 636 g/kWh 27 g/kWh 58 g/kWh 105 g/kWh 43 g/kWh 402 g/kWh 

Belgium 721 g/kWh 28 g/kWh 136 g/kWh 127 g/kWh 37 g/kWh 394 g/kWh 

Bulgaria 4,035 g/kWh 7 g/kWh 21 g/kWh 117 g/kWh 43 g/kWh 3,848 g/kWh 

Croatia 1,533 g/kWh 16 g/kWh 68 g/kWh 107 g/kWh 44 g/kWh 1,297 g/kWh 

Cyprus 732 g/kWh 1 g/kWh 153 g/kWh 121 g/kWh 24 g/kWh 432 g/kWh 

Czech Republic 4,616 g/kWh 27 g/kWh 26 g/kWh 93 g/kWh 38 g/kWh 4,433 g/kWh 

Denmark 867 g/kWh 128 g/kWh 23 g/kWh 166 g/kWh 59 g/kWh 492 g/kWh 

Estonia 3,880 g/kWh 66 g/kWh 21 g/kWh 100 g/kWh 83 g/kWh 3,610 g/kWh 

Finland 891 g/kWh 130 g/kWh 28 g/kWh 97 g/kWh 34 g/kWh 602 g/kWh 

France 624 g/kWh 17 g/kWh 8 g/kWh 130 g/kWh 25 g/kWh 445 g/kWh 

Germany 3,353 g/kWh 16 g/kWh 44 g/kWh 132 g/kWh 52 g/kWh 3,110 g/kWh 

Greece 1,647 g/kWh 1 g/kWh 64 g/kWh 165 g/kWh 61 g/kWh 1,356 g/kWh 

Hungary 1,138 g/kWh 27 g/kWh 14 g/kWh 102 g/kWh 16 g/kWh 979 g/kWh 

Ireland 918 g/kWh 12 g/kWh 123 g/kWh 130 g/kWh 42 g/kWh 611 g/kWh 

Italy 988 g/kWh 24 g/kWh 99 g/kWh 118 g/kWh 42 g/kWh 705 g/kWh 

Latvia 589 g/kWh 57 g/kWh 73 g/kWh 94 g/kWh 37 g/kWh 328 g/kWh 

Lithunia 652 g/kWh 41 g/kWh 38 g/kWh 105 g/kWh 17 g/kWh 451 g/kWh 

Luxembourg 687 g/kWh 4 g/kWh 136 g/kWh 101 g/kWh 35 g/kWh 410 g/kWh 

Malta 774 g/kWh 2 g/kWh 192 g/kWh 99 g/kWh 18 g/kWh 463 g/kWh 

Netherlands 775 g/kWh 80 g/kWh 97 g/kWh 115 g/kWh 30 g/kWh 453 g/kWh 

Poland 4,315 g/kWh 55 g/kWh 35 g/kWh 98 g/kWh 47 g/kWh 4,079 g/kWh 

Portugal 698 g/kWh 42 g/kWh 55 g/kWh 165 g/kWh 60 g/kWh 377 g/kWh 

Romania 2,251 g/kWh 13 g/kWh 33 g/kWh 125 g/kWh 42 g/kWh 2,038 g/kWh 

Slovakia 1,117 g/kWh 15 g/kWh 6 g/kWh 98 g/kWh 17 g/kWh 981 g/kWh 

Slovenia 3,080 g/kWh 13 g/kWh 22 g/kWh 96 g/kWh 37 g/kWh 2,912 g/kWh 

Spain 762 g/kWh 19 g/kWh 50 g/kWh 149 g/kWh 35 g/kWh 510 g/kWh 

Sweden 552 g/kWh 61 g/kWh 16 g/kWh 106 g/kWh 46 g/kWh 324 g/kWh 

United Kingdom 694 g/kWh 109 g/kWh 65 g/kWh 119 g/kWh 29 g/kWh 373 g/kWh 

Source: own calculations 
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Table 35: Carbon Footprint and Material Cost characterisation factors for electricity 

Country Carbon Footprint direct GHG Direct Metal 
Costs 

Direct Fossil 
Fuel Costs 

future Metal 
Costs 

future Fossil 
Fuel Costs 

Austria 315 g CO2e/kWh 54 g CO2e/kWh 0.27 Cent/kWh 2.20 Cent/kWh 0.22 Cent/kWh 3.78 Cent/kWh 

Belgium 377 g CO2e/kWh 128 g CO2e/kWh 0.31 Cent/kWh 4.24 Cent/kWh 0.25 Cent/kWh 9.22 Cent/kWh 

Bulgaria 548 g CO2e/kWh 161 g CO2e/kWh 0.33 Cent/kWh 1.69 Cent/kWh 0.23 Cent/kWh 1.49 Cent/kWh 

Croatia 462 g CO2e/kWh 94 g CO2e/kWh 0.27 Cent/kWh 2.89 Cent/kWh 0.23 Cent/kWh 4.49 Cent/kWh 

Cyprus 461 g CO2e/kWh 150 g CO2e/kWh 0.31 Cent/kWh 4.76 Cent/kWh 0.26 Cent/kWh 10.36 Cent/kWh 

Czech Republic 639 g CO2e/kWh 200 g CO2e/kWh 0.26 Cent/kWh 2.00 Cent/kWh 0.17 Cent/kWh 1.84 Cent/kWh 

Denmark 188 g CO2e/kWh 53 g CO2e/kWh 0.44 Cent/kWh 1.00 Cent/kWh 0.34 Cent/kWh 1.50 Cent/kWh 

Estonia 1,107 g 
CO2e/kWh 314 g CO2e/kWh 0.35 Cent/kWh 2.44 Cent/kWh 0.20 Cent/kWh 1.64 Cent/kWh 

Finland 211 g CO2e/kWh 64 g CO2e/kWh 0.29 Cent/kWh 1.14 Cent/kWh 0.19 Cent/kWh 1.82 Cent/kWh 

France 44 g CO2e/kWh 5 g CO2e/kWh 0.42 Cent/kWh 0.30 Cent/kWh 0.26 Cent/kWh 0.52 Cent/kWh 

Germany 617 g CO2e/kWh 179 g CO2e/kWh 0.39 Cent/kWh 2.49 Cent/kWh 0.28 Cent/kWh 2.90 Cent/kWh 

Greece 511 g CO2e/kWh 131 g CO2e/kWh 0.46 Cent/kWh 2.55 Cent/kWh 0.35 Cent/kWh 4.39 Cent/kWh 

Hungary 118 g CO2e/kWh 32 g CO2e/kWh 0.35 Cent/kWh 0.59 Cent/kWh 0.18 Cent/kWh 0.96 Cent/kWh 

Ireland 471 g CO2e/kWh 146 g CO2e/kWh 0.33 Cent/kWh 4.23 Cent/kWh 0.25 Cent/kWh 8.35 Cent/kWh 

Italy 481 g CO2e/kWh 139 g CO2e/kWh 0.34 Cent/kWh 3.57 Cent/kWh 0.26 Cent/kWh 6.58 Cent/kWh 

Latvia 243 g CO2e/kWh 87 g CO2e/kWh 0.24 Cent/kWh 2.27 Cent/kWh 0.19 Cent/kWh 4.84 Cent/kWh 

Lithunia 125 g CO2e/kWh 42 g CO2e/kWh 0.33 Cent/kWh 1.20 Cent/kWh 0.19 Cent/kWh 2.56 Cent/kWh 

Luxembourg 435 g CO2e/kWh 160 g CO2e/kWh 0.24 Cent/kWh 4.25 Cent/kWh 0.19 Cent/kWh 9.25 Cent/kWh 

Malta 564 g CO2e/kWh 190 g CO2e/kWh 0.24 Cent/kWh 5.95 Cent/kWh 0.20 Cent/kWh 13.03 Cent/kWh 

Netherlands 447 g CO2e/kWh 150 g CO2e/kWh 0.31 Cent/kWh 3.60 Cent/kWh 0.23 Cent/kWh 6.52 Cent/kWh 

Poland 908 g CO2e/kWh 279 g CO2e/kWh 0.23 Cent/kWh 3.32 Cent/kWh 0.19 Cent/kWh 2.30 Cent/kWh 

Portugal 202 g CO2e/kWh 32 g CO2e/kWh 0.44 Cent/kWh 1.83 Cent/kWh 0.35 Cent/kWh 3.53 Cent/kWh 

Romania 351 g CO2e/kWh 79 g CO2e/kWh 0.12 Cent/kWh 0.50 Cent/kWh 0.08 Cent/kWh 1.09 Cent/kWh 

Slovakia 131 g CO2e/kWh 21 g CO2e/kWh 0.32 Cent/kWh 0.49 Cent/kWh 0.18 Cent/kWh 0.41 Cent/kWh 

Slovenia 455 g CO2e/kWh 111 g CO2e/kWh 0.27 Cent/kWh 1.55 Cent/kWh 0.19 Cent/kWh 1.51 Cent/kWh 

Spain 228 g CO2e/kWh 61 g CO2e/kWh 0.42 Cent/kWh 1.78 Cent/kWh 0.32 Cent/kWh 3.29 Cent/kWh 

Sweden 84 g CO2e/kWh 15 g CO2e/kWh 0.30 Cent/kWh 0.52 Cent/kWh 0.21 Cent/kWh 1.01 Cent/kWh 

United Kingdom 190 g CO2e/kWh 65 g CO2e/kWh 0.33 Cent/kWh 2.07 Cent/kWh 0.23 Cent/kWh 4.33 Cent/kWh 

Source: own calculation 
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9.2 Lighting Systems 

All results refer to 1,000 buildings and include lifetime of lamps, operating hours and number of 
lighting points per building. 

9.2.1 Lighting Systems in the Residential Sector 

Table 36: Characterisation Factors for Lighting Systems in the Residential Sector (Material Footprint) 

Country IL HL LFL CFL LED HID 

Unit Material Footprint per 1,000 buildings in the residential sector 

Austria 38,990 kg 42,485 kg 17,388 kg 47,273 kg 28,707 kg 455,381 kg 

Belgium 38,905 kg 42,392 kg 17,350 kg 47,170 kg 28,644 kg 454,388 kg 

Bulgaria 30,450 kg 33,179 kg 13,580 kg 36,918 kg 22,419 kg 355,635 kg 

Croatia 20,995 kg 22,876 kg 9,363 kg 25,455 kg 15,457 kg 245,205 kg 

Cyprus 23,994 kg 26,144 kg 10,700 kg 29,091 kg 17,666 kg 280,234 kg 

Czech Rep. 3,202 kg 3,489 kg 1,428 kg 3,882 kg 2,357 kg 37,395 kg 

Denmark 52,861 kg 57,599 kg 23,575 kg 64,091 kg 38,920 kg 617,393 kg 

Estonia 18,296 kg 19,936 kg 8,159 kg 22,183 kg 13,471 kg 213,686 kg 

Finland 35,241 kg 38,399 kg 15,716 kg 42,727 kg 25,946 kg 411,594 kg 

France 28,343 kg 30,883 kg 12,640 kg 34,364 kg 20,868 kg 331,027 kg 

Germany 46,419 kg 50,580 kg 20,702 kg 56,281 kg 34,177 kg 542,152 kg 

Greece 9,605 kg 10,466 kg 4,284 kg 11,646 kg 7,072 kg 112,185 kg 

Hungary 22,818 kg 24,863 kg 10,176 kg 27,665 kg 16,800 kg 266,497 kg 

Ireland 26,993 kg 29,412 kg 12,038 kg 32,727 kg 19,874 kg 315,263 kg 

Italy 31,110 kg 33,898 kg 13,874 kg 37,719 kg 22,905 kg 363,343 kg 

Latvia 29,992 kg 32,680 kg 13,376 kg 36,364 kg 22,082 kg 350,293 kg 

Lithuania 8,998 kg 9,804 kg 4,013 kg 10,909 kg 6,625 kg 105,088 kg 

Luxembourg 29,992 kg 32,680 kg 13,376 kg 36,364 kg 22,082 kg 350,293 kg 

Malta 22,494 kg 24,510 kg 10,032 kg 27,273 kg 16,562 kg 262,720 kg 

Netherlands 59,984 kg 65,361 kg 26,751 kg 72,728 kg 44,164 kg 700,585 kg 

Poland 29,992 kg 32,680 kg 13,376 kg 36,364 kg 22,082 kg 350,293 kg 

Portugal 7,784 kg 8,482 kg 3,472 kg 9,438 kg 5,731 kg 90,916 kg 

Romania 9,801 kg 10,680 kg 4,371 kg 11,884 kg 7,216 kg 114,475 kg 

Slovakia 22,494 kg 24,510 kg 10,032 kg 27,273 kg 16,562 kg 262,720 kg 

Slovenia 28,493 kg 31,046 kg 12,707 kg 34,546 kg 20,978 kg 332,778 kg 

Spain 37,490 kg 40,850 kg 16,720 kg 45,455 kg 27,603 kg 437,866 kg 

Sweden 37,017 kg 40,334 kg 16,508 kg 44,880 kg 27,254 kg 432,333 kg 

United Kingdom 25,745 kg 28,052 kg 11,481 kg 31,214 kg 18,955 kg 300,687 kg 

Source: Own calculations 
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Table 37: Characterisation Factors for Lighting Systems in the Residential Sector (Metal Ores) 

Country IL HL LFL CFL LED HID 

Unit Metal Ores per 1,000 buildings in the residential sector 

Austria 12,997 kg 15,908 kg 5,910 kg 16,240 kg 9,394 kg 162,915 kg 

Belgium 12,968 kg 15,874 kg 5,897 kg 16,204 kg 9,374 kg 162,560 kg 

Bulgaria 10,150 kg 12,424 kg 4,615 kg 12,683 kg 7,336 kg 127,230 kg 

Croatia 6,998 kg 8,566 kg 3,182 kg 8,744 kg 5,058 kg 87,723 kg 

Cyprus 7,998 kg 9,790 kg 3,637 kg 9,994 kg 5,781 kg 100,255 kg 

Czech Rep. 1,067 kg 1,306 kg 485 kg 1,334 kg 771 kg 13,378 kg 

Denmark 17,620 kg 21,568 kg 8,012 kg 22,017 kg 12,736 kg 220,875 kg 

Estonia 6,099 kg 7,465 kg 2,773 kg 7,620 kg 4,408 kg 76,447 kg 

Finland 11,747 kg 14,379 kg 5,341 kg 14,678 kg 8,491 kg 147,250 kg 

France 9,447 kg 11,564 kg 4,296 kg 11,805 kg 6,829 kg 118,426 kg 

Germany 15,473 kg 18,940 kg 7,036 kg 19,334 kg 11,184 kg 193,958 kg 

Greece 3,202 kg 3,919 kg 1,456 kg 4,001 kg 2,314 kg 40,135 kg 

Hungary 7,606 kg 9,310 kg 3,458 kg 9,504 kg 5,498 kg 95,341 kg 

Ireland 8,998 kg 11,013 kg 4,091 kg 11,243 kg 6,504 kg 112,787 kg 

Italy 10,370 kg 12,693 kg 4,715 kg 12,957 kg 7,495 kg 129,988 kg 

Latvia 9,997 kg 12,237 kg 4,546 kg 12,492 kg 7,226 kg 125,319 kg 

Lithuania 2,999 kg 3,671 kg 1,364 kg 3,748 kg 2,168 kg 37,596 kg 

Luxembourg 9,997 kg 12,237 kg 4,546 kg 12,492 kg 7,226 kg 125,319 kg 

Malta 7,498 kg 9,178 kg 3,409 kg 9,369 kg 5,420 kg 93,989 kg 

Netherlands 19,995 kg 24,474 kg 9,092 kg 24,984 kg 14,452 kg 250,638 kg 

Poland 9,997 kg 12,237 kg 4,546 kg 12,492 kg 7,226 kg 125,319 kg 

Portugal 2,595 kg 3,176 kg 1,180 kg 3,242 kg 1,876 kg 32,526 kg 

Romania 3,267 kg 3,999 kg 1,486 kg 4,082 kg 2,362 kg 40,954 kg 

Slovakia 7,498 kg 9,178 kg 3,409 kg 9,369 kg 5,420 kg 93,989 kg 

Slovenia 9,497 kg 11,625 kg 4,319 kg 11,867 kg 6,865 kg 119,053 kg 

Spain 12,497 kg 15,296 kg 5,682 kg 15,615 kg 9,033 kg 156,649 kg 

Sweden 12,339 kg 15,103 kg 5,611 kg 15,418 kg 8,919 kg 154,669 kg 

United Kingdom 8,582 kg 10,504 kg 3,902 kg 10,723 kg 6,203 kg 107,572 kg 

Source: Own calculations 
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Table 38: Characterisation Factors for Lighting Systems in the Residential Sector (Minerals) 

Country IL HL LFL CFL LED HID 

Unit Minerals per 1,000 buildings in the residential sector 

Austria 3,167 kg 2,466 kg 635 kg 1,635 kg 926 kg 13,512 kg 

Belgium 3,160 kg 2,460 kg 634 kg 1,632 kg 924 kg 13,482 kg 

Bulgaria 2,473 kg 1,926 kg 496 kg 1,277 kg 723 kg 10,552 kg 

Croatia 1,705 kg 1,328 kg 342 kg 880 kg 499 kg 7,276 kg 

Cyprus 1,949 kg 1,517 kg 391 kg 1,006 kg 570 kg 8,315 kg 

Czech Rep. 260 kg 202 kg 52 kg 134 kg 76 kg 1,110 kg 

Denmark 4,294 kg 3,343 kg 861 kg 2,217 kg 1,256 kg 18,319 kg 

Estonia 1,486 kg 1,157 kg 298 kg 767 kg 435 kg 6,340 kg 

Finland 2,862 kg 2,229 kg 574 kg 1,478 kg 837 kg 12,213 kg 

France 2,302 kg 1,792 kg 462 kg 1,189 kg 673 kg 9,822 kg 

Germany 3,770 kg 2,935 kg 756 kg 1,947 kg 1,103 kg 16,086 kg 

Greece 780 kg 607 kg 157 kg 403 kg 228 kg 3,329 kg 

Hungary 1,853 kg 1,443 kg 372 kg 957 kg 542 kg 7,907 kg 

Ireland 2,192 kg 1,707 kg 440 kg 1,132 kg 641 kg 9,354 kg 

Italy 2,527 kg 1,967 kg 507 kg 1,305 kg 739 kg 10,781 kg 

Latvia 2,436 kg 1,897 kg 489 kg 1,258 kg 713 kg 10,394 kg 

Lithuania 731 kg 569 kg 147 kg 377 kg 214 kg 3,118 kg 

Luxembourg 2,436 kg 1,897 kg 489 kg 1,258 kg 713 kg 10,394 kg 

Malta 1,827 kg 1,422 kg 367 kg 943 kg 534 kg 7,795 kg 

Netherlands 4,872 kg 3,793 kg 977 kg 2,516 kg 1,425 kg 20,787 kg 

Poland 2,436 kg 1,897 kg 489 kg 1,258 kg 713 kg 10,394 kg 

Portugal 632 kg 492 kg 127 kg 326 kg 185 kg 2,698 kg 

Romania 796 kg 620 kg 160 kg 411 kg 233 kg 3,397 kg 

Slovakia 1,827 kg 1,422 kg 367 kg 943 kg 534 kg 7,795 kg 

Slovenia 2,314 kg 1,802 kg 464 kg 1,195 kg 677 kg 9,874 kg 

Spain 3,045 kg 2,371 kg 611 kg 1,572 kg 891 kg 12,992 kg 

Sweden 3,007 kg 2,341 kg 603 kg 1,552 kg 879 kg 12,828 kg 

United Kingdom 2,091 kg 1,628 kg 419 kg 1,080 kg 612 kg 8,922 kg 

Source: Own calculations 
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Table 39: Characterisation Factors for Lighting Systems in the Residential Sector (Fossil Fuels) 

Country IL HL LFL CFL LED HID 

Unit Fossil Fuels per 1,000 buildings in the residential sector 

Austria 1,015 kg 891 kg 241 kg 760 kg 465 kg 4,967 kg 

Belgium 1,012 kg 889 kg 240 kg 758 kg 464 kg 4,956 kg 

Bulgaria 792 kg 696 kg 188 kg 593 kg 363 kg 3,879 kg 

Croatia 546 kg 480 kg 130 kg 409 kg 250 kg 2,675 kg 

Cyprus 624 kg 548 kg 148 kg 467 kg 286 kg 3,057 kg 

Czech Rep. 83 kg 73 kg 20 kg 62 kg 38 kg 408 kg 

Denmark 1,376 kg 1,208 kg 327 kg 1,030 kg 631 kg 6,734 kg 

Estonia 476 kg 418 kg 113 kg 356 kg 218 kg 2,331 kg 

Finland 917 kg 805 kg 218 kg 687 kg 420 kg 4,490 kg 

France 738 kg 648 kg 175 kg 552 kg 338 kg 3,611 kg 

Germany 1,208 kg 1,061 kg 287 kg 904 kg 554 kg 5,914 kg 

Greece 250 kg 219 kg 59 kg 187 kg 115 kg 1,224 kg 

Hungary 594 kg 521 kg 141 kg 445 kg 272 kg 2,907 kg 

Ireland 702 kg 617 kg 167 kg 526 kg 322 kg 3,439 kg 

Italy 810 kg 711 kg 192 kg 606 kg 371 kg 3,963 kg 

Latvia 781 kg 685 kg 185 kg 584 kg 358 kg 3,821 kg 

Lithuania 234 kg 206 kg 56 kg 175 kg 107 kg 1,146 kg 

Luxembourg 781 kg 685 kg 185 kg 584 kg 358 kg 3,821 kg 

Malta 585 kg 514 kg 139 kg 438 kg 268 kg 2,866 kg 

Netherlands 1,561 kg 1,371 kg 371 kg 1,169 kg 715 kg 7,642 kg 

Poland 781 kg 685 kg 185 kg 584 kg 358 kg 3,821 kg 

Portugal 203 kg 178 kg 48 kg 152 kg 93 kg 992 kg 

Romania 255 kg 224 kg 61 kg 191 kg 117 kg 1,249 kg 

Slovakia 585 kg 514 kg 139 kg 438 kg 268 kg 2,866 kg 

Slovenia 742 kg 651 kg 176 kg 555 kg 340 kg 3,630 kg 

Spain 976 kg 857 kg 232 kg 730 kg 447 kg 4,776 kg 

Sweden 963 kg 846 kg 229 kg 721 kg 442 kg 4,716 kg 

United Kingdom 670 kg 588 kg 159 kg 502 kg 307 kg 3,280 kg 

Source: Own calculations 
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Table 40: Characterisation Factors for Lighting Systems in the Residential Sector (Biotic Raw Materials) 

Country IL HL LFL CFL LED HID 

Unit Biotic Raw Materials per 1,000 buildings in the residential sector 

Austria 343 kg 276 kg 58 kg 165 kg 85 kg 1,121 kg 

Belgium 343 kg 276 kg 58 kg 165 kg 85 kg 1,118 kg 

Bulgaria 268 kg 216 kg 45 kg 129 kg 67 kg 875 kg 

Croatia 185 kg 149 kg 31 kg 89 kg 46 kg 603 kg 

Cyprus 211 kg 170 kg 36 kg 101 kg 52 kg 690 kg 

Czech Rep. 28 kg 23 kg 5 kg 14 kg 7 kg 92 kg 

Denmark 466 kg 375 kg 78 kg 224 kg 116 kg 1,519 kg 

Estonia 161 kg 130 kg 27 kg 77 kg 40 kg 526 kg 

Finland 310 kg 250 kg 52 kg 149 kg 77 kg 1,013 kg 

France 250 kg 201 kg 42 kg 120 kg 62 kg 815 kg 

Germany 409 kg 329 kg 69 kg 196 kg 102 kg 1,334 kg 

Greece 85 kg 68 kg 14 kg 41 kg 21 kg 276 kg 

Hungary 201 kg 162 kg 34 kg 97 kg 50 kg 656 kg 

Ireland 238 kg 191 kg 40 kg 114 kg 59 kg 776 kg 

Italy 274 kg 220 kg 46 kg 132 kg 68 kg 894 kg 

Latvia 264 kg 212 kg 45 kg 127 kg 66 kg 862 kg 

Lithuania 79 kg 64 kg 13 kg 38 kg 20 kg 259 kg 

Luxembourg 264 kg 212 kg 45 kg 127 kg 66 kg 862 kg 

Malta 198 kg 159 kg 33 kg 95 kg 49 kg 646 kg 

Netherlands 528 kg 425 kg 89 kg 254 kg 131 kg 1,724 kg 

Poland 264 kg 212 kg 45 kg 127 kg 66 kg 862 kg 

Portugal 69 kg 55 kg 12 kg 33 kg 17 kg 224 kg 

Romania 86 kg 69 kg 15 kg 41 kg 21 kg 282 kg 

Slovakia 198 kg 159 kg 33 kg 95 kg 49 kg 646 kg 

Slovenia 251 kg 202 kg 42 kg 121 kg 62 kg 819 kg 

Spain 330 kg 266 kg 56 kg 159 kg 82 kg 1,077 kg 

Sweden 326 kg 262 kg 55 kg 157 kg 81 kg 1,064 kg 

United Kingdom 227 kg 182 kg 38 kg 109 kg 56 kg 740 kg 

Source: Own calculations 
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9.2.2 Lighting Systems in the Tertiary Sector 

Table 41: Characterisation Factors for Lighting Systems in the Tertiary Sector (Material Footprint) 

Country IL HL LFL CFL LED HID 

Unit Material Footprint per 1,000 buildings in the tertiary sector 

Austria 2,624,817 kg 2,860,074 kg 1,170,588 kg 3,182,433 kg 1,932,545 kg 30,656,403 kg 

Belgium 2,747,566 kg 2,993,825 kg 1,225,330 kg 3,331,259 kg 2,022,920 kg 32,090,041 kg 

Bulgaria 5,666,939 kg 6,174,855 kg 2,527,280 kg 6,870,824 kg 4,172,334 kg 66,186,694 kg 

Croatia 2,542,446 kg 2,770,320 kg 1,133,853 kg 3,082,564 kg 1,871,899 kg 29,694,356 kg 

Cyprus 2,829,190 kg 3,082,764 kg 1,261,731 kg 3,430,223 kg 2,083,016 kg 33,043,359 kg 

Czech Rep. 2,804,278 kg 3,055,619 kg 1,250,622 kg 3,400,019 kg 2,064,674 kg 32,752,402 kg 

Denmark 3,735,640 kg 4,070,458 kg 1,665,981 kg 4,529,240 kg 2,750,398 kg 43,630,199 kg 

Estonia 1,361,295 kg 1,483,305 kg 607,096 kg 1,650,489 kg 1,002,266 kg 15,899,169 kg 

Finland 3,069,650 kg 3,344,776 kg 1,368,969 kg 3,721,767 kg 2,260,057 kg 35,851,803 kg 

France 2,775,209 kg 3,023,945 kg 1,237,658 kg 3,364,775 kg 2,043,272 kg 32,412,898 kg 

Germany 2,740,543 kg 2,986,172 kg 1,222,198 kg 3,322,744 kg 2,017,749 kg 32,008,011 kg 

Greece 2,583,231 kg 2,814,760 kg 1,152,041 kg 3,132,012 kg 1,901,926 kg 30,170,696 kg 

Hungary 2,351,034 kg 2,561,752 kg 1,048,489 kg 2,850,488 kg 1,730,969 kg 27,458,766 kg 

Ireland 2,774,850 kg 3,023,554 kg 1,237,498 kg 3,364,340 kg 2,043,008 kg 32,408,705 kg 

Italy 3,463,328 kg 3,773,739 kg 1,544,538 kg 4,199,078 kg 2,549,906 kg 40,449,745 kg 

Latvia 2,631,856 kg 2,867,744 kg 1,173,727 kg 3,190,968 kg 1,937,727 kg 30,738,612 kg 

Lithuania 2,763,026 kg 3,010,670 kg 1,232,225 kg 3,350,003 kg 2,034,302 kg 32,270,606 kg 

Luxembourg 2,781,893 kg 3,031,229 kg 1,240,639 kg 3,372,879 kg 2,048,194 kg 32,490,965 kg 

Malta 2,757,269 kg 3,004,398 kg 1,229,657 kg 3,343,024 kg 2,030,064 kg 32,203,370 kg 

Netherlands 3,272,210 kg 3,565,491 kg 1,459,305 kg 3,967,359 kg 2,409,194 kg 38,217,592 kg 

Poland 2,767,555 kg 3,015,605 kg 1,234,244 kg 3,355,494 kg 2,037,637 kg 32,323,496 kg 

Portugal 1,277,597 kg 1,392,106 kg 569,769 kg 1,549,010 kg 940,642 kg 14,921,624 kg 

Romania 1,826,030 kg 1,989,693 kg 814,353 kg 2,213,952 kg 1,344,431 kg 21,327,015 kg 

Slovakia 2,295,492 kg 2,501,232 kg 1,023,719 kg 2,783,146 kg 1,690,076 kg 26,810,062 kg 

Slovenia 2,890,941 kg 3,150,050 kg 1,289,271 kg 3,505,093 kg 2,128,481 kg 33,764,586 kg 

Spain 2,834,449 kg 3,088,494 kg 1,264,077 kg 3,436,599 kg 2,086,888 kg 33,104,780 kg 

Sweden 2,825,879 kg 3,079,156 kg 1,260,255 kg 3,426,208 kg 2,080,578 kg 33,004,687 kg 

United Kingdom 2,659,408 kg 2,897,765 kg 1,186,014 kg 3,224,373 kg 1,958,013 kg 31,060,403 kg 

Source: Own calculations 
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Table 42: Characterisation Factors for Lighting Systems in the Tertiary Sector (Metal Ores) 

Country IL HL LFL CFL LED HID 

Unit Metal Ores per 1,000 buildings in the tertiary sector 

Austria 874,931 kg 1,070,953 kg 397,841 kg 1,093,260 kg 632,416 kg 10,967,477 kg 

Belgium 915,847 kg 1,121,036 kg 416,446 kg 1,144,386 kg 661,991 kg 11,480,368 kg 

Bulgaria 1,888,963 kg 2,312,172 kg 858,933 kg 2,360,331 kg 1,365,376 kg 23,678,612 kg 

Croatia 847,474 kg 1,037,345 kg 385,356 kg 1,058,952 kg 612,570 kg 10,623,300 kg 

Cyprus 943,055 kg 1,154,340 kg 428,818 kg 1,178,383 kg 681,657 kg 11,821,422 kg 

Czech Rep. 934,751 kg 1,144,175 kg 425,042 kg 1,168,007 kg 675,655 kg 11,717,331 kg 

Denmark 1,245,202 kg 1,524,181 kg 566,208 kg 1,555,928 kg 900,054 kg 15,608,916 kg 

Estonia 453,761 kg 555,423 kg 206,330 kg 566,992 kg 327,987 kg 5,688,005 kg 

Finland 1,023,208 kg 1,252,450 kg 465,264 kg 1,278,537 kg 739,593 kg 12,826,157 kg 

France 925,061 kg 1,132,315 kg 420,636 kg 1,155,900 kg 668,651 kg 11,595,872 kg 

Germany 913,506 kg 1,118,171 kg 415,381 kg 1,141,461 kg 660,298 kg 11,451,022 kg 

Greece 861,069 kg 1,053,986 kg 391,538 kg 1,075,939 kg 622,396 kg 10,793,713 kg 

Hungary 783,671 kg 959,247 kg 356,344 kg 979,227 kg 566,451 kg 9,823,507 kg 

Ireland 924,942 kg 1,132,169 kg 420,581 kg 1,155,750 kg 668,564 kg 11,594,372 kg 

Italy 1,154,432 kg 1,413,075 kg 524,933 kg 1,442,507 kg 834,444 kg 14,471,093 kg 

Latvia 877,277 kg 1,073,825 kg 398,908 kg 1,096,192 kg 634,112 kg 10,996,888 kg 

Lithuania 921,000 kg 1,127,344 kg 418,789 kg 1,150,825 kg 665,715 kg 11,544,966 kg 

Luxembourg 927,289 kg 1,135,042 kg 421,649 kg 1,158,684 kg 670,261 kg 11,623,801 kg 

Malta 919,082 kg 1,124,995 kg 417,917 kg 1,148,427 kg 664,328 kg 11,520,912 kg 

Netherlands 1,090,727 kg 1,335,097 kg 495,966 kg 1,362,905 kg 788,397 kg 13,672,529 kg 

Poland 922,510 kg 1,129,192 kg 419,476 kg 1,152,711 kg 666,807 kg 11,563,888 kg 

Portugal 425,862 kg 521,273 kg 193,644 kg 532,131 kg 307,821 kg 5,338,284 kg 

Romania 608,671 kg 745,040 kg 276,770 kg 760,558 kg 439,958 kg 7,629,843 kg 

Slovakia 765,157 kg 936,585 kg 347,926 kg 956,093 kg 553,069 kg 9,591,430 kg 

Slovenia 963,639 kg 1,179,535 kg 438,177 kg 1,204,103 kg 696,535 kg 12,079,445 kg 

Spain 944,808 kg 1,156,485 kg 429,615 kg 1,180,573 kg 682,924 kg 11,843,396 kg 

Sweden 941,951 kg 1,152,989 kg 428,316 kg 1,177,004 kg 680,859 kg 11,807,587 kg 

United Kingdom 886,461 kg 1,085,067 kg 403,084 kg 1,107,667 kg 640,750 kg 11,112,010 kg 

Source: Own calculations 
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Table 43: Characterisation Factors for Lighting Systems in the Tertiary Sector (Minerals) 

Country IL HL LFL CFL LED HID 

Unit Minerals per 1,000 buildings in the tertiary sector 

Austria 213,197 kg 165,987 kg 42,768 kg 110,081 kg 62,360 kg 909,614 kg 

Belgium 223,167 kg 173,749 kg 44,768 kg 115,229 kg 65,277 kg 952,152 kg 

Bulgaria 460,288 kg 358,363 kg 92,335 kg 237,663 kg 134,635 kg 1,963,842 kg 

Croatia 206,506 kg 160,778 kg 41,425 kg 106,627 kg 60,403 kg 881,069 kg 

Cyprus 229,796 kg 178,911 kg 46,098 kg 118,652 kg 67,216 kg 980,438 kg 

Czech Rep. 227,773 kg 177,336 kg 45,692 kg 117,607 kg 66,624 kg 971,805 kg 

Denmark 303,421 kg 236,233 kg 60,867 kg 156,667 kg 88,751 kg 1,294,563 kg 

Estonia 110,569 kg 86,085 kg 22,180 kg 57,091 kg 32,342 kg 471,748 kg 

Finland 249,327 kg 194,117 kg 50,015 kg 128,737 kg 72,929 kg 1,063,768 kg 

France 225,412 kg 175,497 kg 45,218 kg 116,388 kg 65,933 kg 961,731 kg 

Germany 222,596 kg 173,305 kg 44,653 kg 114,934 kg 65,110 kg 949,718 kg 

Greece 209,819 kg 163,357 kg 42,090 kg 108,337 kg 61,372 kg 895,202 kg 

Hungary 190,959 kg 148,674 kg 38,307 kg 98,599 kg 55,856 kg 814,736 kg 

Ireland 225,383 kg 175,475 kg 45,212 kg 116,373 kg 65,925 kg 961,607 kg 

Italy 281,303 kg 219,012 kg 56,430 kg 145,247 kg 82,282 kg 1,200,195 kg 

Latvia 213,768 kg 166,432 kg 42,882 kg 110,376 kg 62,528 kg 912,053 kg 

Lithuania 224,422 kg 174,727 kg 45,020 kg 115,877 kg 65,644 kg 957,509 kg 

Luxembourg 225,955 kg 175,920 kg 45,327 kg 116,669 kg 66,092 kg 964,048 kg 

Malta 223,955 kg 174,363 kg 44,926 kg 115,636 kg 65,507 kg 955,514 kg 

Netherlands 265,780 kg 206,926 kg 53,316 kg 137,232 kg 77,741 kg 1,133,964 kg 

Poland 224,790 kg 175,013 kg 45,093 kg 116,067 kg 65,751 kg 959,079 kg 

Portugal 103,771 kg 80,792 kg 20,817 kg 53,581 kg 30,353 kg 442,743 kg 

Romania 148,316 kg 115,474 kg 29,753 kg 76,581 kg 43,383 kg 632,799 kg 

Slovakia 186,448 kg 145,161 kg 37,402 kg 96,270 kg 54,536 kg 795,488 kg 

Slovenia 234,812 kg 182,816 kg 47,104 kg 121,242 kg 68,683 kg 1,001,838 kg 

Spain 230,224 kg 179,244 kg 46,183 kg 118,873 kg 67,341 kg 982,260 kg 

Sweden 229,527 kg 178,702 kg 46,044 kg 118,513 kg 67,137 kg 979,290 kg 

United Kingdom 216,006 kg 168,174 kg 43,331 kg 111,532 kg 63,182 kg 921,601 kg 

Source: Own calculations 
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Table 44: Characterisation Factors for Lighting Systems in the Tertiary Sector (Fossil Fuels) 

Country IL HL LFL CFL LED HID 

Unit Fossil Fuels per 1,000 buildings in the tertiary sector 

Austria 68,310 kg 59,977 kg 16,225 kg 51,134 kg 31,308 kg 334,394 kg 

Belgium 71,504 kg 62,782 kg 16,984 kg 53,525 kg 32,772 kg 350,032 kg 

Bulgaria 147,480 kg 129,490 kg 35,030 kg 110,398 kg 67,593 kg 721,952 kg 

Croatia 66,166 kg 58,095 kg 15,716 kg 49,530 kg 30,325 kg 323,901 kg 

Cyprus 73,629 kg 64,647 kg 17,488 kg 55,116 kg 33,746 kg 360,431 kg 

Czech Rep. 72,980 kg 64,078 kg 17,334 kg 54,630 kg 33,448 kg 357,257 kg 

Denmark 97,219 kg 85,359 kg 23,091 kg 72,774 kg 44,557 kg 475,910 kg 

Estonia 35,427 kg 31,106 kg 8,415 kg 26,519 kg 16,237 kg 173,425 kg 

Finland 79,886 kg 70,142 kg 18,975 kg 59,800 kg 36,614 kg 391,065 kg 

France 72,224 kg 63,414 kg 17,155 kg 54,064 kg 33,102 kg 353,554 kg 

Germany 71,322 kg 62,621 kg 16,940 kg 53,389 kg 32,688 kg 349,137 kg 

Greece 67,228 kg 59,027 kg 15,968 kg 50,324 kg 30,812 kg 329,096 kg 

Hungary 61,185 kg 53,721 kg 14,533 kg 45,801 kg 28,042 kg 299,515 kg 

Ireland 72,214 kg 63,405 kg 17,152 kg 54,057 kg 33,097 kg 353,508 kg 

Italy 90,132 kg 79,137 kg 21,408 kg 67,469 kg 41,309 kg 441,218 kg 

Latvia 68,493 kg 60,138 kg 16,269 kg 51,271 kg 31,392 kg 335,291 kg 

Lithuania 71,907 kg 63,135 kg 17,079 kg 53,827 kg 32,956 kg 352,002 kg 

Luxembourg 72,398 kg 63,566 kg 17,196 kg 54,194 kg 33,181 kg 354,405 kg 

Malta 71,757 kg 63,004 kg 17,044 kg 53,715 kg 32,888 kg 351,268 kg 

Netherlands 85,158 kg 74,770 kg 20,227 kg 63,746 kg 39,030 kg 416,870 kg 

Poland 72,025 kg 63,239 kg 17,107 kg 53,915 kg 33,010 kg 352,579 kg 

Portugal 33,249 kg 29,193 kg 7,897 kg 24,889 kg 15,239 kg 162,762 kg 

Romania 47,522 kg 41,725 kg 11,287 kg 35,573 kg 21,780 kg 232,631 kg 

Slovakia 59,739 kg 52,452 kg 14,189 kg 44,719 kg 27,380 kg 292,439 kg 

Slovenia 75,236 kg 66,058 kg 17,870 kg 56,319 kg 34,482 kg 368,298 kg 

Spain 73,765 kg 64,767 kg 17,521 kg 55,218 kg 33,808 kg 361,101 kg 

Sweden 73,542 kg 64,571 kg 17,468 kg 55,051 kg 33,706 kg 360,009 kg 

United Kingdom 69,210 kg 60,768 kg 16,439 kg 51,808 kg 31,720 kg 338,801 kg 

Source: Own calculations 
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Table 45: Characterisation Factors for Lighting Systems in the Tertiary Sector (Biotic Raw Materials) 

Country IL HL LFL CFL LED HID 

Unit Biotic Raw Materials per 1,000 buildings in the tertiary sector 

Austria 23,114 kg 18,596 kg 3,897 kg 11,102 kg 5,740 kg 75,439 kg 

Belgium 24,195 kg 19,466 kg 4,079 kg 11,621 kg 6,008 kg 78,966 kg 

Bulgaria 49,904 kg 40,148 kg 8,414 kg 23,969 kg 12,392 kg 162,871 kg 

Croatia 22,389 kg 18,012 kg 3,775 kg 10,753 kg 5,560 kg 73,071 kg 

Cyprus 24,914 kg 20,044 kg 4,200 kg 11,966 kg 6,187 kg 81,312 kg 

Czech Rep. 24,695 kg 19,867 kg 4,163 kg 11,861 kg 6,132 kg 80,596 kg 

Denmark 32,896 kg 26,466 kg 5,546 kg 15,800 kg 8,169 kg 107,364 kg 

Estonia 11,988 kg 9,644 kg 2,021 kg 5,758 kg 2,977 kg 39,124 kg 

Finland 27,032 kg 21,747 kg 4,557 kg 12,983 kg 6,712 kg 88,223 kg 

France 24,439 kg 19,661 kg 4,120 kg 11,738 kg 6,069 kg 79,761 kg 

Germany 24,134 kg 19,416 kg 4,069 kg 11,591 kg 5,993 kg 78,765 kg 

Greece 22,748 kg 18,301 kg 3,835 kg 10,926 kg 5,649 kg 74,243 kg 

Hungary 20,703 kg 16,656 kg 3,491 kg 9,944 kg 5,141 kg 67,570 kg 

Ireland 24,436 kg 19,659 kg 4,120 kg 11,736 kg 6,068 kg 79,751 kg 

Italy 30,498 kg 24,536 kg 5,142 kg 14,648 kg 7,573 kg 99,538 kg 

Latvia 23,176 kg 18,646 kg 3,907 kg 11,132 kg 5,755 kg 75,641 kg 

Lithuania 24,331 kg 19,575 kg 4,102 kg 11,686 kg 6,042 kg 79,411 kg 

Luxembourg 24,498 kg 19,709 kg 4,130 kg 11,766 kg 6,083 kg 79,953 kg 

Malta 24,281 kg 19,534 kg 4,094 kg 11,662 kg 6,029 kg 79,245 kg 

Netherlands 28,815 kg 23,182 kg 4,858 kg 13,840 kg 7,155 kg 94,045 kg 

Poland 24,371 kg 19,607 kg 4,109 kg 11,706 kg 6,052 kg 79,541 kg 

Portugal 11,251 kg 9,051 kg 1,897 kg 5,404 kg 2,794 kg 36,719 kg 

Romania 16,080 kg 12,937 kg 2,711 kg 7,723 kg 3,993 kg 52,481 kg 

Slovakia 20,214 kg 16,263 kg 3,408 kg 9,709 kg 5,020 kg 65,974 kg 

Slovenia 25,458 kg 20,481 kg 4,292 kg 12,227 kg 6,322 kg 83,087 kg 

Spain 24,960 kg 20,081 kg 4,208 kg 11,989 kg 6,198 kg 81,464 kg 

Sweden 24,885 kg 20,020 kg 4,196 kg 11,952 kg 6,179 kg 81,217 kg 

United Kingdom 23,419 kg 18,841 kg 3,948 kg 11,248 kg 5,815 kg 76,433 kg 

Source: Own calculations 

 


