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1 Executive summary
1.1

Overview of methodology

We simulate the energy systems of the 28 EU member states. Each energy system is embodied
by a detailed energy balance model, based on the EUROSTAT energy statistics. A COMBI ‘action’
represents a particular energy efficiency improvement, e.g. the refurbishment of existing
dwellings or a modal change in transport (see work package WP2). A particular COMBI action
results in a decrease in final energy demand. In total we define 23 different final energy demand
‘matrices’ for 28 energy carriers and for the 28 individual EU member states in the year 2030.
There is one final energy demand matrix for each of the 21 individual COMBI actions described in
the COMBI work package WP2, one for all COMBI actions combined (the COMBI efficiency
scenario), and one reference case where we assume that no COMBI actions are implemented (the
COMBI reference scenario).
Given a specific final energy demand, the COMBI energy balance model calculates the resulting
outputs of the transformation sectors (mainly power plants and oil refineries), as well as the
required net imports. These outputs are then used to construct five major energy security impact
indicators: a general indicator (energy intensity), two import dependency indicators, one
aggregated import related indicator, two energy (power) system indicators, and one energy
(power) system reliability indicator.
1.2

Key assumptions

The construction of both the final demand matrices (WP2) as well as running the COMBI energy
balance model simulations (WP7) require a considerable amount of data and scenario assumptions. Whenever possible, PRIMES or EUCO data and assumptions are used, more in particular for
the following cases:
•

GDP in 2030. The PRIMES reference scenario assumption is used, and held constant in the
COMBI reference and efficiency scenarios, to avoid confounding energy efficiency improvement actions with (economic) changes in GDP;

•

Domestic primary production (i.e. of oil, coal, gas and renewables). For the COMBI efficiency scenario, the EUCO30 assumptions are used, to avoid that net imports are artificially
decreased by (unrealistically) increasing primary production levels;

•

EU targets for the shares of nuclear and renewables in the heat and power sector. For the
COMBI efficiency scenario, the EUCO30 assumptions are used, to avoid that e.g. fossil fuel
imports are artificially lowered by assuming (unrealistically) high levels of nuclear and/or
renewables based power and combined heat and power plants;

•

Other “technical” variables to facilitate simulating the EU energy balances, such as the rate
of product recovery in the petrochemical sectors.

The EUCO30 scenario is chosen because it most closely resembles the energy savings in the
COMBI efficiency scenario.
The available PRIMES/EUCO data and assumptions were not detailed enough to be of direct use in
COMBI. For example, PRIMES/EUCO only provides highly aggregated data at the level of the
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sectors (households, tertiary, industry etc.) and energy carriers. COMBI thus had to perform a
considerable amount of additional and unanticipated original work in preparing the COMBI
scenarios (see also work package WP2). These extra efforts unfortunately came to some extent at
the expense of developing more intricate models and indicators in work package WP7.
1.3

Overview of impact indicators

The retained COMBI impact indicators are defined as follows:
-

Energy intensity is defined as the final energy demand divided by GDP. Lower energy
intensity implies higher energy security;

-

Import dependency consists of two variants:
o

Net imports entails the share of net imports of primary coal, crude oil and natural
gas in energy supply, where energy supply is defined as the sum of primary production (including recovery of coal and oil) and net imports. Primary (energy) products are those directly harvested from nature;

o

Net import costs, where net imports of coal, crude oil and gas are multiplied with
their respective energy prices in 2030.

Lower net imports or import costs indicate higher energy security;
-

The Herfindahl-Hirschman Index (HHI) based energy security indicator is an aggregated or
comprehensive impact assessment, that tries to capture the effects of COMBI actions on
import dependency, diversification of energy sources and geographical diversification (origins of
the energy sources). The COMBI HHI indicator is so defined that lower values mean improved energy security;

-

Power output and avoided costs of power infrastructure comprise the effects of a decrease in
electricity demand. Less power demand in the future implies less investments required in
combustible based power and cogeneration plants. Combustibles refer to fossil fuels (coal,
oil, gas) and stock renewables (biomass). COMBI assumes that the shares of flow renewables (wind, hydro, solar, geothermal and tide, wave & ocean) and nuclear in 2030 are already fixed by EU targets in its energy policies. Avoided power output and infrastructure
costs are seen as beneficial from an energy system perspective;

-

De-rated reserve capacity rate is defined as the reserve capacity of the power sector,
divided by its total installed capacity, multiplied by 100. This metric attempts to measure
both security of electricity supply as well as reliability of the power system. De-rated capacity is a reduced capacity that takes into account that not all generation capacity will run
at its theoretical maximum at times of peak demand. In principle, a higher de-rated capacity rate means improved reliability of the energy system.

The focus of the WP7 indicators is on imports. The COMBI method also allows to treat the EU28
as one entity from an energy imports perspective. This means that other EU member states
always get preference when imports are concerned, and ‘security risks’ are considered to be the
same for all EU countries.
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Main results

As expected, every COMBI action unequivocally leads to an improvement (reduction) of the energy
intensity indicator.
One might naively assume that a reduction in final demand as a result from COMBI actions would
automatically lead to a reduction in net imports (or net import costs) of fossil fuels. However, net
imports not only depend on domestic final energy demand but also on domestic primary
production as well as on the outputs of the transformation sectors (mostly power and
cogeneration plants and oil refineries). COMBI assumes fixed domestic primary production levels in
2030, based on EU PRIMES/EUCO scenarios. However, a shift in final demand to electricity
(‘electrification’ of the energy system) in combination with a relatively large share of combustible
based power systems may still lead to an increase in net imports of fossil fuels. This appears to
only be the case for Cyprus. For all other EU member states, COMBI actions invariably lead to a
decrease of net imports, and thus to an improvement of energy security.
The COMBI HHI energy security indicator is, like all aggregated indicators, difficult to interpret. The
reason for this is straightforward. This type of indicator encapsulates different effects or ‘forces’
that may not all point in the same direction. For example, although a decrease in final energy
demand in general would have a positive effect on import (in)dependency (see import dependency
indicator), it may also lead to negative effects in terms of resource and / or geographical
diversification. This observation is confirmed by the COMBI energy balance model simulations.
Using this particular HHI indicator, some EU member states improve their energy security as a
result of the COMBI actions, while others appear to be worse off, mainly due to decreased net
diversification effects.
As with net imports and net import costs, the naïve interpretation is that a reduction in final
energy demand should always lead to a decrease in power output, and thus to avoided investment
costs for combustible-based power plants and cogeneration units. However, a significant shift
towards ‘electrification’ of the energy system, in combination with a power supply mix that still
favours a significant amount of combustible-based power plants, may challenge this assumption.
In COMBI, this appears to be only the case for Lithuania. In all other EU member states COMBI
actions effectively lead to a reduction in power output as well as a reduction in investment costs
for power and cogeneration infrastructure. Thus COMBI actions in general do have a positive
impact on the energy system.
Given a reduction in power output, one might assume that less power capacity is required, and
hence, that the de-rated capacity margin would decrease. However, one has to take into account
two additional factors. Firstly, a shift in the power and cogeneration mix towards (flow)
renewables would mean that more reserve capacity is required, due to the intermittent nature of
renewables such as wind and solar.

Furthermore, COMBI actions might also lead to an

improvement in energy demand flexibility, thus changing (‘flattening) the load duration curve. The
latter implies a decrease in the reserve capacity rate. These effects are borne out by the COMBI
energy balance model simulations. The de-rated reserve capacity rate increases for some
countries, and decreases for others.
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Concluding remarks

The analysis shows that energy import, power system and reliability indicators are highly
interrelated. This interconnectivity is encapsulated by the integrated COMBI energy balance
model. For example, a variable such as domestic primary production influences not just one
impact indicator (import dependency), but directly or indirectly other indicators as well (e.g. the
power system indicator, as the power plant mix may also change as a result of changes in
domestic primary production). Furthermore, a “positive” value for a particular impact indicator
may have less beneficial aspects when viewed from other perspectives. For instance, less imports
would increase import independency (positive effect), but may very well lead to a loss of diversity
(negative effect). Or, a higher reserve capacity rate would increase energy system reliability or
security, but may not necessarily be the most cost optimal solution.
Another important conclusion from the COMBI analysis is that energy efficiency improvement
actions are non-additive. The effect of a combination of COMBI actions does not equal the sum of
the effects of the individual COMBI actions. In practice, this means that ideally one should always
look at comprehensive “packages of actions”.
Furthermore, one cannot disconnect energy security policies from other policies such as climate
change or environment (pollution) related policy plans. Reductions in energy demand will almost
inevitably lead to changes in the energy (carrier) mix, thus impacting climate change and other
environmental EU targets.
Finally, in ideal circumstances one would have to establish a close ‘feedback’ relationship between
the energy security (WP7) and macro-economy related models (WP6). Severe time and budget
constraints did not allow COMBI to realize this.
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2 Overview of the methodology
2.1

The energy balance approach

The heart of the quantification and monetization of the energy security and of energy system
impacts consists of a simulation of the energy systems of the 28 individual EU member countries
in 2030, for the COMBI reference (REF) scenario and for the COMBI efficiency (EFF) scenario, as
(partially) defined in COMBI work package two (WP2).
Figure 1: Overview of COMBI data, assumptions, models and calculations

The energy systems of the 28 EU member states are assessed by the construction of detailed
energy balances for each individual country. The energy balances are a thoroughly reworked
version of the balances published by EUROSTAT, to better fit the needs of WP7 in the COMBI
project. An important contribution of the COMBI project is the assessment of the impacts by
applying each of the twenty-one (21) retained COMBI actions. Hence, not only do we loop through
28 countries, for each country we also construct a country energy balance reflecting the impact of
8
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each separate COMBI action relative to the reference scenario (figure 1). As the different impacts
are unlikely to be additive, and indeed they are not as shown by the results, we furthermore reassess the country energy balance when all 21 COMBI actions were applied jointly (in effect the
joint application constitutes the “efficiency scenario”).
Figure 2: The energy balance concept as applied by COMBI

Given the non-additive nature of the impacts, assessing the impact of any combination of COMBI
actions would require reconstructing the energy balances for all possible combinations of 21
COMBI actions, and this for all 28 EU member countries. From literature, there is ample evidence
that already the order in which actions are applied would (in some cases) generate different
results. The number of action combinations is definitely too large to process.
In an energy balance total energy supply equals total energy demand (figure 2). We briefly discuss
the supply and demand sides in the following chapters.
For now we note that the most important tables relevant to the COMBI project are “net imports”,
“gross outputs of the transformation sector”, and “final demand”. Net imports are essential in
assessing energy security impacts. Gross outputs of the transformation sector, the heat and
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power1 sector in particular, determine the impacts concerning avoided infrastructure costs and
power reliability / adequacy of power systems. Final demand is an input for measuring energy
intensities, and the main “driving force” in (re)constructing the energy balances.
The appended Excel file provides detailed energy balances for the 2030 reference and efficiency
scenarios and for the 2015 observed state based on EUOROSTAT.
Before discussing the supply and demand sides, section 1.2 explains how energy carriers are
defined in the WP7 energy balances.
2.2

Energy carriers in the COMBI energy balances

In its energy balances EUROSTAT distinguishes 59 energy carriers2. In COMBI WP2, for each of the
demand sectors considered on average 8 aggregates of energy carriers were identified. This
reduction was necessary because almost all of the work in calculating energy savings and costs
for the 21 COMBI actions had to be done from scratch, as the publicly available PRIMES data are
fully inadequate.
Table 1: Energy carrier categories in COMBI WP2
COMBI WP3 sector

COMBI WP2 energy carrier categories

Residential buildings

Coal, oil, gas, district heat, electricity, biomass, ambient heat, solar

Non-residential buildings

Coal, oil, gas, district heat, electricity, biomass, ambient heat, solar

Transport

Petrol, diesel, LPG, CNG/LNG, bio-ethanol, biodiesel, electricity, hydrogen

Industry

Solids (coal), oil, gas, derived heat, electricity, flow renewables, biomass + waste (RES part),
and waste (non-RES part)

The WP2 energy carrier classifications are suboptimal for proper use in WP7. We managed to
extend the WP2 energy carrier definitions to the 59 EUROSTAT energy carriers, for the main
energy demand sectors. The results are available in the appended WP7 Excel file.
However, time and budget constraints did not allow a similar linkage for the supply side. A new
aggregation of energy carriers was needed with consideration of following criteria:
•

Maintain a clear distinction between “primary” energy carriers on the one hand, and
“secondary” energy carriers (or “energy products”) on the other hand. Primary energy is
energy that is harvested directly from natural resources (examples are crude oil or wind).
Secondary energy sources are made from other energy sources (e.g. electricity or hydrogen).
This is particularly important for constructing energy security indicators.

•

Clearly distinguish the gross outputs (secondary carriers) of the different transformation
sectors.

1

In the energy system literature, power and electricity are often used interchangeably. Strictly speaking, in physics ‘power’ is the rate

of change in energy. In a general context, power can refer to energy that is produced by mechanical, electrical or other means.
Electricity is power produced by electrical means. In this report, occurrences of the word ‘power’ should be understood as meaning
‘electrical power’ or ‘electricity’.
2

The term energy carrier in generally defined as any substance or phenomenon that can be used to produce mechanical work or heat

or to operate chemical or physical processes. However, in energy statistics the term energy carriers is used to denote ‘energy

commodities’, the latter also including heat and power. Primary energy carriers (or commodities) are extracted or captured directly
from natural resources. All energy carriers which are not primary but produced from primary commodities are termed secondary
carriers.
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The new aggregation consists of 28 energy carriers (figure 3). Starting point are 8 highly
aggregated energy carrier “classes” similar to the ones used in WP2, namely renewables, fossil
gases, fossil liquid fuels, fossil solid fuels, wastes, nuclear, derived heat and electricity.
Renewables are further subdivided into “flow” and “stock” renewables. It should be clear that flow
renewables such as hydro3, wind, photovoltaic and ‘tide, wave, ocean’ are only used for the
generation of electricity, whereas geothermal and solar thermal are furthermore suitable for the
production of useful heat. Stock renewables consist of (solid) biomass, (liquid) biofuels and biogas,
and charcoal as “non-primary” carrier.
Fossil based gases consist of natural gas, and derived gases from coke ovens, gas works plants
and blast furnaces.
Figure 3: Energy carriers in the COMBI energy balances

3

Strictly speaking, hydro is partly “flow”, but mainly “stock” (water reservoirs). The water stocks are important for security and

reliability of power systems.
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Fossil based liquid fuels consist almost entirely of crude oil and its derivatives (oil products).
Natural gas liquids are generally considered a primary fuel together with crude oil, as the natural
gas liquids (NGL) are separated during the extraction of crude oil and associated gases.
Fossil based solid fuels entail primary coal and peat, as well as their derivatives. Coke oven coke is
a solid fuel output of coke ovens. Oil shale and oil sands are a primary solid fuel, although they are
typically used to extract a (secondary) liquid fuel catalogued as “other hydrocarbons”.
Wastes consist of household wastes and industrial wastes, although in WP7 they are treated as
one carrier (contrary to what figure 3 shows). Household wastes do not include the renewable
part, which is considered to be (solid) biomass.
The remaining energy carriers are nuclear (heat), a primary carrier exclusively used for the
generation of the two secondary carriers, electricity and to a far lesser extent heat.
The COMBI project was ab initio designed to make extensive use of the data available in the
PRIMES / EUCO scenarios. The PRIMES data are in the most favourable circumstances limited to a
small number of energy carriers, specifically total renewables, solid fuels, oil, gas, derived heat or
district heat, electricity and “other”. The need for comparability with PRIMES/EUCO motivated our
classification in 8 major classes. However, PRIMES publications mostly specify one aggregated
figure, without indication of the underlying energy mix.

3 The demand side of the COMBI energy balance model
3.1
3.1.1

Final energy demand
Relevant COMBI actions in WP7

As all energy efficiency improvement actions lead to energy savings, they all have a direct or
indirect impact on the energy security impact indicators (net imports, power systems and
reliability). All 21 COMBI actions are thus considered relevant, and are consequently included in
the WP7 analysis.
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Table 2: List of relevant COMBI actions
#

End-use energy efficiency action

Considered?

Action 1

residential refurbishment of the building shell + space heating + ventilation + space cooling (air-

Yes

Action 2

residential new dwellings

Yes

Action 3

residential lighting (all dwellings);

Yes

Action 4

residential cold appliances (all dwellings);

Yes

Action 5

non-residential refurbishment of building shell + space heating + ventilation + space cooling (air-

Yes

conditioning)

conditioning)
Action 6

non-residential new buildings

Yes

Action 7

non-residential lighting (all buildings)

Yes

Action 8

non-residential product cooling (all buildings)

Yes

Action 9

passenger transport – modal shift

Yes

Action 10

passenger transport – motorized two-wheelers

Yes

Action 11

passenger transport – car

Yes

Action 12

passenger transport – bus

Yes

Action 13

freight transport – modal shift

Yes

Action 14

freight transport – light duty truck (LDT)

Yes

Action 15

freight transport – heavy duty truck (HDT)

Yes

Action 16

industry (7 sectors) - high temperature process heating

Yes

Action 17

industry (7 sectors) - low and medium temperature process heating

Yes

Action 18

industry (7 sectors) – process cooling

Yes

Action 19

industry (7 sectors) – specific process electricity

Yes

Action 20

industry (7 sectors) – motor drive

Yes

Action 21

industry (7 sectors) – HVAC in industrial buildings

Yes

Each of the above mentioned COMBI actions defines a final demand vector (i.e. for 28 different
energy carriers), per individual EU member state.
3.1.2

The final energy demand sectors in COMBI WP7

The final energy demand matrix, including non-energy uses, for each of the 28 EU member states
and for each of the 28 energy carriers as defined in section 2.2, is what ultimately “drives” the
energy system / energy balance model developed in WP7.
This demand matrix is exogenous to WP7, being the result of extensive bottom-up modelling and
stock analysis (at least for residential buildings, non-residential buildings and transport) in WP2.
The first matrix gives total final demand in 2030 for the COMBI reference scenario. Each
implementation of a COMBI energy efficiency improvement action gives rise to a new final
demand matrix, and thus a new energy balance or “state of the energy system”. Finally, all COMBI
actions combined leads to a final demand matrix compatible with the COMBI energy efficiency
scenario. In total, we created 23 different final demand matrices (see also the flow chart in figure
1)for every member state. The final demand matrices for all the different demand sectors are
provided in the appended Excel file.
Two problems arose when using WP2 output as input for WP7:
1. The eight aggregate energy carriers in WP2 had to be converted to the 28 energy carriers used in WP7 (see chapter 1). For the individual final demand sectors PRIMES /
EUCO provides no indication of the energy mix. Data for the aforementioned eight (8)
energy carriers in the PRIMES publications are only available for total final demand, excluding non-energy uses.
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2. WP2 did not cover all final demand sectors. We will discuss this in more detail.
The unexpected unavailability of detailed PRIMES and also of JRC scenario data forced us to model
in WP2 the effects of the COMBI energy efficiency improvement actions in great detail, although
this extra work was not originally planned in the COMBI project. For residential and nonresidential (services or tertiary) buildings a detailed, bottom up stock analysis model was
implemented for the major energy services (space heating, cooling, ventilation, lighting and cold
appliances or product cooling). The other energy services (other appliances and cooking) were
estimated using simple trend extrapolation.
The agriculture / forestry and fishing sectors were not explicitly modelled in WP2, as the
contribution of these sectors to total final demand is rather small and were therefore not needed
to attain the COMBI target of 80% coverage of final energy savings (see also the D2.2 report). Final
demand was therefore estimated in WP7, based on trend extrapolations and available published
data from PRIMES.
Very similar to buildings, road and rail transport were modelled in great detail in WP2, using
bottom-up stock analysis.
Domestic and international aviation, domestic navigation, pipeline transport and “non-specified
transport” were not covered in WP2. Again, their final demand had to be estimated in WP7 using
trend extrapolations and whatever was publicly available from the PRIMES / EUCO scenarios.
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Figure 4: The final energy demand sectors in the COMBI energy balance

Industry by its very nature (numerous and very diverse industrial processes) is notoriously difficult
to model. PRIMES only publishes data on the aggregate final energy demand of the energy
intensive and the non-energy intensive industry, with no information on the subsectors or on the
energy mix at all. In WP2 we used a fairly simple method of activity indicators (value added),
energy intensities (required energy input per unit of value added), and a list of actions with known
energy savings potential and payback periods, to roughly estimate energy savings and costs. This
was only possible for 5 energy intensive industrial sectors (iron and steel, non-ferrous metal,
chemical and petrochemical, non-metallic minerals, paper pulp and print) and 2 non-energy
intensive industrial sectors (food and tobacco, machinery and transport equipment). For the
remaining non-energy intensive industrial sectors (wood, textile, leather, construction, mining and
quarrying) we had to resort to trend extrapolations.
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The EUROSTAT energy balances contain a rubric called “non-specified other sectors”. This is only
relevant for presenting the EUROSTAT 2015 energy balance. The PRIMES / EUCO scenarios, as
well as other relevant scenarios, assume that all energy consumptions in their energy systems
models can be attributed to a particular sector.
Last but not least, non-energy uses of energy carriers fall outside the scope of COMBI. However,
creating proper energy balances requires their inclusion in the final demand matrix. They were
estimated in WP7 using the available PRIMES data and trend extrapolations.
The COMBI scenarios do not reflect the full energy savings potential in 2030, since time and
budget constraints in COMBI did not allow a complete detailed modelling of all the demand
sectors in WP2.
3.1.3

Comparison of the COMBI and PRIMES / EUCO final demand matrices

For a comparison between COMBI and PRIMES / EUCO we have to resort to 8 energy carriers.
Even so, PRIMES only gives the energy mix for final demand without non-energy uses.
Furthermore, PRIMES/EUCO does not provide data for flow and stock renewables separately, so
we only look at total renewables. The category “other” is very unclear in PRIMES. We assumed
that it refers to wastes, although the amount of waste input reported for 2015 in PRIMES / EUCO
is far too low to be realistic.
In this chapter we only present results at the EU28 level. Figures for the individual member states
are available in the appended Excel file.
We first compare COMBI and PRIMES data to the published EUROSTAT data in 2015.
Both the COMBI and PRIMES data refer to projections for 2015, as the actual data were not
available at the time the modelling was in progress. PRIMES gives a total final demand (without
non-energy uses) of 1 133 Mtoe, compared to 1 108 Mtoe for COMBI, whereas the actual
EUROSTAT figure is 1 082 Mtoe. Both PRIMES and COMBI overestimate actual final energy
demand in the base year (2015), albeit PRIMES more so than COMBI.
In terms of energy mix, both COMBI and PRIMES obtain a similar figure for total renewables
(around 92 to 93 Mtoe), although both overestimate the actual 2015 figure. Furthermore, on
closer examination, COMBI significantly overestimates the contribution of flow renewables as
compared to stock renewables. This is in part due to lack of reliable detailed data on heat pumps
and solar thermal, as a result of which COMBI overestimated their contribution.
COMBI overestimates the use of coal and underestimates oil consumption. PRIMES shows better
estimates for these two energy carriers, although levels are higher than the actual ones. A similar
observation can be made for derived heat and electricity, where COMBI overestimates electricity
consumption and underestimates derived heat consumption.
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Figure 5: Comparison of final demand between COMBI and PRIMES / EUCO for EU28 in 2015

For gas consumption COMBI sits in between EUROSTAT and PRIMES, the latter clearly
overestimating gas use.
The relatively poor performance of COMBI in terms of energy mix is mainly due to the lack of a
detailed, bottom-up analysis of the industrial sectors. For industry we had to assume that the
energy mix would more or less stay the same as in the recent past. This proved to be wrong.
Matters were aggravated by PRIMES not providing energy mixes at the level of the individual
sectors. Additionally, in WP7 we had to use simple trend extrapolations for all the sectors not
explicitly covered in WP2.
The base year figures are not all that relevant for WP7, because we compare the COMBI energy
efficiency improvement actions in 2030 with the reference scenario for 2030. Whatever the
absolute values are for 2030, they should not make a notable difference in terms of relative shifts.
For that reason, the appended Excel file only contains the EUROSTAT detailed energy balance
figures for 2015 in the COMBI format. Providing 2015 projections at the time of writing
(September 2017)is of lesser importance because the actual data are available.
For 2030 we make comparisons between the COMBI reference and efficiency scenarios on the
one hand, and the PRIMES / EUCO scenarios on the other hand.
The 2030 final demand of 1 168 Mtoe in the COMBI reference scenario, is markedly higher than
the 1 081 Mtoe in the PRIMES reference scenario. The gap is mainly due to WP2 in COMBI
unwittingly using an older version of the PRIMES assumptions with regard to activity levels in
2030.
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Figure 6: Comparison of final demand between COMBI and PRIMES / EUCO for EU28 in 2030

COMBI, compared to PRIMES / EUCO, systematically shows a significantly higher coal consumption and, to a lesser extent, a lower use of derived heat. This is the direct result of the estimations
for the base year 2015, working their way through to 2030.
Final demand in the COMBI efficiency scenario (1 019 Mtoe) lies between the EUCO 27 (1 031
Mtoe) and EUCO 30 (987 Mtoe) values, also considering WP2 only provided a partial analysis not
revealing the total energy savings potential. Moreover, the difference in energy consumption
between the COMBI reference and efficiency scenarios is 14.6%. This is significantly higher than
the 9.6% difference between EUCO 30 and PRIMES reference, and slightly lower than the 16.4%
difference between EUCO 33 and PRIMES reference. The energy savings in the COMBI efficiency
scenario relative to the COMBI reference scenario seems very similar to the relative energy savings
in PRIMES EUCO 30 and EUCO 33. In term of energy savings potential the COMBI efficiency
scenario therefore probably compares best with the EUCO 30 scenario.
Overall, in order of magnitude, the COMBI figures compare well to those of PRIMES / EUCO. In
terms of energy mix, COMBI would most probably conform more to PRIMES by partially replacing
coal with biomass in the industry sectors, and by increasing the penetration rate of CHP in
industry as well. Again, due to severe resource constraints in the COMBI project, it was not
feasible to analyse industry in great detail in WP2.
From the above, and keeping in mind that WP7 is all about relative shifts between COMBI actions
and reference levels, we feel confident that the 23 COMBI final energy demand matrices can
provide valuable insights in the energy security and energy system impacts of energy efficiency
improvements.
3.2

Other demand matrices primarily based on PRIMES / EUCO scenarios

The final energy demand (including non-energy uses) previously discussed refers to domestic
energy demand. Net exports is another energy demand matrix that has to be accounted for, as
well as “bunkers” and “direct use” (see figure 2).
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EUROSTAT defines bunkers or bunker oils as “deliveries of oils to ships for consumption during
international voyages”; and “direct use” as “amounts which do not enter the refinery but enter
consumption directly”.
Lacking a complete world energy model, we have to rely for these figures on the PRIMES / EUCO
scenarios. However, PRIMES only publishes data on “gross inland consumption” (GIC), “imports”,
and “primary production (including recovery of products)”; in all three cases for the following
energy carriers: hydro, wind, nuclear, geothermal, solar (total), biomass (probably including all
wastes), solid fuels, oil (total), gas (total), derived heat and electricity. For oil imports PRIMES
makes a further distinction between crude oil and feedstocks on the one hand and oil products on
the other hand.
Given these PRIMES data and with the additional aid of EUROSTAT information we managed to
infer energy demand matrices for net export, bunkers and direct use, for all 28 energy carriers
identified in COMBI WP7. We have separate demand matrices for each of the PRIMES / EUCO
scenarios, but given the resemblance of the COMBI efficiency scenario with the EUCO 30 scenario,
we in principle always assume EUCO 30 values. The COMBI WP7 energy balance model does allow
the use of other EUCO scenarios for these matrices, if so desired.
The “bunkers” and “direct use” scenarios are exogenous in the WP7 energy balance model,
implying that their values remain fixed. The PRIMES net export values however are only initial
values. As the COMBI energy balance model seeks an equilibrium, the values of net exports may
change, although not dramatically.
3.3

Energy demand matrices of the energy / transformation sectors

Final energy demand is forthcoming from sectors such as households, tertiary sectors, industry,
agriculture/forestry/fishing, and transport (see figure 4). However, the energy sectors also require
energy inputs, either as “feedstocks” whereby these (primary) energy carriers (e.g. wind or natural
gas) are “transformed” into secondary energy carriers (e.g. electricity and/or heat), or as “auxiliary”
energy carriers (e.g. electricity to heat or cool buildings in the energy sectors).
We make a distinction between the “transformation sectors” and the “other energy sectors” or
“non-transformation energy sectors”.
3.3.1

Non-transformation energy sectors

The non-transformation energy sectors consist of the nuclear industry, coal mines, oil and gas
extraction plants, LNG liquefaction plants, and gasification for biogas plants.
These sectors are not extensively modelled in COMBI WP7, as their energy consumption is
relatively small and mostly related to “industrial facilities”. Lacking detailed PRIMES data, we use
historical literature (EUROSTAT) values for the overall energy intensities, whereby intensity is
expressed as the amount of energy input required per unit of useful output. The energy mix is
based on trend extrapolations. The outputs or “activity levels” differ per subsector, and the
assumed activity levels are given below.
-

Nuclear industry. The relevant activity level in COMBI is the primary production of nuclear
heat. In the EUROSTAT tables consumption (of heat and electricity) in the nuclear industry
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refers to the production and enrichment of nuclear fuel, not to own use during the operation of nuclear power plants.
-

Coal mines. The relevant activity level is the primary production and recovery of coal.
Activity levels in the EUROSTAT tables cover coals produced from operating surface and
underground coal mines, as well as coal recovered from mine waste piles, preparation
plant slurry ponds and other waste accumulations. It also covers peat produced from peat
cutting or harvesting operations;

-

Oil & gas extraction. The activity level is the primary production of crude oil and natural gas
liquids (NGL);

-

LNG liquefaction. The relevant activity levels in COMBI are the primary production and
transport of natural gas;

-

Gasification for biogas. The relevant activity level is the primary production of biogas.

Primary production belongs to the supply side of the energy balance, where it will be discussed in
more detail.
Figure 7: The “non-transformation” energy sectors

The energy demands of these sectors are added together (for each of the 28 energy carriers) and
represented in the “demand of the energy sector” matrix (see figure 2). The “demand of the energy
sector” matrix also contains the “auxiliary” energy inputs of the transformation sectors. Auxiliary
energy inputs of the transformation sectors are basically all energy inputs that are neither
“feedstock inputs” nor “own use (of energy)” (see supra). Auxiliary energy inputs

unlike

feedstocks, are not converted in a transformation process, and hence their energy content is not
included in how the overall energy efficiency of a transformation process is calculated.
3.3.2

The energy transformation sectors

In COMBI WP7, the transformation sector consists of several subsectors, each of which will be
discussed separately:
-

The biomass sector;

-

The natural gas sector;

-

The oil sector;

-

The coal sector;

-

The heat and power sector.

The biomass sector
The biomass sector consists of only one subsector, charcoal plants. Charcoal plants convert solid
biomass (i.e. wood as feedstock) into charcoal. The energy intensity is defined as the amount of
biomass needed per unit of charcoal.
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Charcoal plants exist in Austria, Bulgaria, Croatia, Cyprus, Greece, Italy, Latvia, Lithuania, Portugal
and Spain.
Figure 8: The biomass transformation sector in COMBI

None of the above plants report charcoal as “own use”.
The natural gas sector
The natural gas sector only consists of the “for blended natural gas” subsector.
Figure 9: The natural gas transformation sector in COMBI

In the Netherlands a small portion of natural gas is blended with refinery gas and biogas
(feedstocks). In Finland, France and Lithuania small portions of natural gas are only blended with
biogas (feedstock).
In the EUROSTAT energy balances this blended natural gas is considered a “recovered product”
and recorded in a separate table, meaning that it is not documented as a gross output. In the
COMBI energy balance we explicitly treat it as a gross output of the “for blended natural gas”
sector. This was necessary to define the energy intensity as the amounts of refinery gas / biogas
needed per unit of blended natural gas.
There is no known “own use” of blended natural gas.
The oil sector
The oil sector consists of three subsectors: petroleum refineries, coal liquefaction plants, and gas
to liquids (GTL) plants.
Figure 10: The oil transformation sector in COMBI

Estonia is the only EU member state in 2015 that transforms oil shale and oil sands (feedstocks)
to “oil”. We assume that this will also be the case in 2030. In the EUROSTAT energy balances this
“oil output” is recorded as “recovered other hydrocarbons” in a separate table. In COMBI it is
treated as a gross output, in order to determine the energy intensity. Estonia does not report own
use of this oil product otherwise known as “other hydrocarbons”.
There are no known gas to liquids (GTL) plants in the EU28 in 2015, and we assume that there will
still be none in 2030.
This means that for all EU member states, except Estonia, the oil sector consists entirely of
petroleum refineries. We note that there are no oil refineries in Cyprus, Estonia, Latvia,
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Luxembourg, Malta, and Slovenia in 2015, and we assume that in these countries there will still be
none in 2030.
The feedstock inputs of petroleum refineries are crude oil and NGL, as well as “feedstocks and
other hydrocarbons”. Those are transformed into a wide range of oil products. For the purposes of
WP7 it is not necessary to look at oil products in more detail, as we are mainly interested in the
indigenous production and / or import of crude oil. All petroleum refineries use a relevant amount
of their own output (oil products) as energy input, which is duly recorded as “own use”. The energy
intensities for both feedstock inputs and own use in COMBI are based on PRIMES, EUROSTAT and
literature (CONCAWE).
The coal sector
The “coal sector” in COMBI consists of patent fuel plants, BKB/PB plants, coke ovens, gas works
and blast furnaces (BF).
Figure 11: The coal transformation sector in COMBI

Patent fuel plants convert the feedstock “primary coal” (feedstock) into patent fuel. There are only
two EU member states in 2015 (and by assumption 2030) with patent fuel plants, namely Poland
(coking coal as feedstock) and the United Kingdom (other bituminous coal as feedstock). The UK
also uses “petroleum coke” (an oil product) as feedstock input. Neither country reports own use of
patent fuel.
BKB/PB plants transform primary coal (in particular lignite or brown coal) or peat (feedstocks) into
brown coal briquettes (BKB) or peat briquettes (PB). Bulgaria and Germany are the only 2 EU
member states with known BKB plants in 2015. PB plants can be found in Estonia, Ireland and
Lithuania. Only Germany reports own use of BKB for their BKB plants.
Lacking detailed information, for both patent fuel plants as for BKB/PB plants, we assume that
energy intensities will not change over time. No additional assumptions were made as to whether
some countries will have shut down some of these plants by 2030, as the COMBI project does not
allow a detailed country by country analysis.
The name “coal sector” is somewhat of a misnomer. In modern, integrated steel works coke ovens
and blast furnaces are considered to be an integral part of the steel mills (i.e. the industrial
demand sector “iron and steel”), and in many energy system models they are treated as such. In
energy balances however it is customary to treat them as separate energy supply sectors. This is
also the case in the COMBI energy balance model. EU member states with coke ovens and blast
furnaces are Austria, Belgium, Czech Republic, Finland, France, Germany, Hungary, Italy, the
Netherlands, Poland, Slovakia, Spain, Sweden and the UK. Romania has blast furnaces, but no
coke ovens. Coke ovens convert primary coal to the main product, coke oven coke, and to a byproduct, coke oven gas (a so-called derived gas). The main feedstock in principle is coking coal.
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Germany also uses small amounts of lignite / brown coal and petroleum coke. The latter is also
used as feedstock by Poland, albeit in a very small quantity. Estonia even uses oil shale and oil
sands as an additional feedstock in coke ovens. Blast furnaces accept coke oven coke as a
feedstock input, and output blast furnace gas, another derived gas. A portion of the coke oven gas
is commonly consumed as “own use” by coke ovens. Blast furnaces do not use blast furnace gas
for their own use. Given the intimate relationship between coke ovens and blast furnaces on the
one hand, and iron and steel plants on the other hand, energy intensities should ideally be given as
required energy input per tonne of steel or iron. However, due to the limitations of COMBI, the iron
and steel sector in COMBI uses “value added” of the sector as activity level indicator.
Lastly, gas works plants produce gas works gas. In 2015, such plants can still be found in the
Czech Republic, Denmark, Estonia and Sweden. Feedstock inputs appear to be somewhat varied:
primary coal and coke oven coke in the Czech Republic, and oil shale and oil sands in Estonia. For
Denmark and Sweden the EUROSTAT data are obscure, as the only feedstock appears to be
natural gas, which does not make much sense. Also, EUROSTAT considers gas works gas as a
“recovered product” recorded in a separate table. In COMBI we explicitly treat it as a gross output
of the gas works gas plants, in order to compute the proper energy intensities. Although it seems
unlikely that these plants would still be around in 2030, time constraints did not allow us to
investigate these matters further.
The heat and power sector
Together with petroleum refineries, the heat and power sector is by far the most important
transformation sector. Whereas oil refineries in essence transform crude oil to a multitude of oil
products, the heat and power sector will take any primary energy carrier as well as a number of
secondary energy carriers, and convert it to heat and / or electricity. Strictly speaking, some of the
power produced in cogeneration plants is only used as mechanical power without further
converting it to electricity, but for the purposes of this chapter we will pretend that power and
electricity are more or less synonyms, unless stated otherwise.
In the COMBI energy balance model, the heat and power sector is divided into three main groups
(figure 12):
•

The power plants, generating electricity only;

•

The combined heat and power plants or cogeneration units, producing both heat and power;

•

The heating only or district heating plants, producing heat only.

The plants producing electricity only are further divided into pumped hydro (energy storage),
plants that convert “flow renewables” such as hydro4, wind, photovoltaic, and “tide, wave, ocean”
to electricity; geothermal and solar thermal power plants, nuclear power plants, power plants
using combustible fuels such as coal, oil, gas and stock renewables (biomass, biofuels, biogas) but
also the non-renewable part of waste, and plants using “other heat sources”. The CHP and district
heating plants are subdivided along similar lines, except that flow renewables cannot be used to
generate useful heat. We additionally assume that nuclear plants will never be used to produce
heat only.

4

As explained earlier, hydro also requires reservoirs.
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Distinguishing heat and power plants based on their feedstock inputs is strictly speaking not the
most realistic way, because in many cases there are “multi-fuel plants” that can take two or even
more energy inputs, for example coal, oil and / or gas. Ideally, the combustible fuel based heat and
power plants would consist of steam turbines (ST), gas turbines (GT), combined cycle gas turbines,
internal combustion engine (ICE) based plants, and other technologies such as Stirling engines or
fuel cells. The resource constraints of the COMBI project made it impossible to go into that kind of
detail.
Figure 12: The heat and power sector transformation sector in COMBI

The EUROSTAT energy balance makes a further distinction between “main activity producer
plants” and “auto producer plants”. This was not deemed relevant for COMBI WP7 purposes.
To calculate feedstock inputs and own use of all these plants we use – as for the other
transformation sectors – energy intensities. In principle we should employ the intensities, or
“efficiencies” in 2030 of the PRIMES / EUCO scenarios, but the published information does not
allow to ascertain these figures. Instead, we use historical values derived from EUROSTAT, trend
extrapolations as well as literature. The reasons for this are that 1) COMBI is solely focussed on
energy efficiency at the final demand side (buildings, transport and industry), not the supply side
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(energy / transformation sectors)5; and b) assuming that energy efficiencies at the supply side do
not change between the COMBI reference and efficiency scenarios (see previous point), the relative
shift will remain the same. A more efficient heat and power production park in 2030 would of
course change the total energy demand, as power and heat are produced more efficiently, but
again, the COMBI impact indicators are by design only related to energy efficiency improvements
at the final demand side.
3.4

Transport and distribution losses

For each of the energy carriers in the COMBI energy balance model, transportation and
distribution losses are calculated as a percentage of the total amounts of those energy carriers
transported and distributed throughout the energy system.
As the published PRIMES data do not allow to ascertain these “percentage losses”, we again had
to rely on EUROSTAT values for 2015, trend extrapolations and literature. As always, more
efficient transportation and distribution systems would decrease total energy demand in 2030,
assuming no change between COMBI reference and efficiency scenarios, relative changes in the
COMBI impact indicators would remain the same.
3.5

Stock changes (stock build)

Adding to the stock (stock build) also belongs to the demand side (figure 2). Contrary to what is
shown in figure 2, the COMBI energy balance model uses only one table for stock changes on the
supply side of the energy balance, where positive values refer to “stock draws” (supply of energy),
and negative values to “stock builds” (demand of energy).
We managed to extract some information on stock changes from the published PRIMES / EUCO
scenarios, which are used in the COMBI energy balance model. In principle, the EUCO 30 scenario
values are read into the COMBI model, although values from any of the other PRIMES / EUCO
scenarios can easily be imputed as well. The PRIMES values are considered in the COMBI model as
initial values for the year 2030, and may change as the COMBI energy balance model seeks an
equilibrium for that year. Lacking detailed, year by year stock analysis for the supply side, the
stock changes are mostly inferred based on trend extrapolations from historical EUROSTAT data.

4 The supply side of the COMBI energy balance
The three major matrices on the supply side of the energy balance are “gross outputs of the
transformation sectors”, “primary production” and “net imports”. Total energy demand has to be
covered by gross production of the transformation sectors and by indigenous production. If the
latter two fail to meet total energy demand (including their own demands), energy has to be
imported. And net imports are the main variable to determine energy security impacts.
The other matrices are less important and are mostly concerned with the “oil balance”.

5

The COMBI actions are exclusively concerned with final energy demand. Explicitly including energy efficiency improvements of the

transformation sectors would obfuscate the evaluation of the impact effects of the COMBI actions, as the impact indicators would then
also include efficiency improvements (of the transformation sectors) that are not a direct result of the COMBI actions themselves.
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Gross outputs of the transformation sectors

The matrix (28 EU member states, 28 energy carriers) with gross outputs of the transformation
sector is the sum matrix of the matrices containing gross outputs of all the individual transformation sectors (heat and power sector, petroleum refineries, coke ovens, etc.).
The transformation sectors were already discussed in detail when describing the energy demand
side of the energy balance. However, we do show the intricate relationships that exists between
these sectors (figure 13).
Figure 13: The energy transformation sectors in the COMBI energy balance model

Any of the outputs of an individual transformation sector can, and in many cases, will be used as
input by any of the other transformation sectors, particularly when also taking non-feedstock
(auxiliary) uses into account. Furthermore, we likewise have to incorporate the own uses of the
transformation sectors. To avoid a “spaghetti drawing”, not all of the possible many feedbacks are
shown in figure 13, but they are in effect integrated in the COMBI energy balance model.
The gross outputs are calculated by the model, with total demand per energy carrier as the main
driving force. Two factors play a major role:
•

The available capacities in 2030;

•

The “mix of transformation technologies” in 2030, in particular for the heat and power sector.

Resource constraints in COMBI again did not allow us to build detailed, bottom-up stock analysis
models for the diverse transformations sectors. Wherever possible, data from the PRIMES / EUCO
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scenarios are used, in principle from the EUCO 30 scenario, although they can easily be
substituted by values from any of the other EUCO scenarios.
PRIMES does provide some information on capacities (MWe) for the production of electricity,
albeit without a clear distinction between power only and CHP plants. Only the share of CHP in
total electricity production is given. Based on this information capacities for all the technologies
and energy carriers used for the heat and power sector in the COMBI energy balance model were
constructed, relying on trend extrapolations and literature data to complete the missing PRIMES
data. The same information was used to estimate the relative share of the different heat and
power technologies (hydro, wind, nuclear plants, gas plants, etc.). This information is available for
all the PRIMES scenarios in the appended Excel file.
The above capacities and technology shares are only used as initial values for the COMBI
REFERENCE scenario in the year 2030. In the COMBI EFFICIENCY scenario, the different COMBI
energy efficiency improvement actions are introduced into the model. This changes both the levels
and energy mix of the final demand in 2030. As a result, the energy production levels and mix of
the transformation sectors will change as well, and hence the (required) capacities and shares of
the transformation technologies.
Capacities and technology shares of the heat and power sector are essential to calculate avoided
infrastructure costs and the power reliability or adequacy impact indicators in WP7. In this we
make a major assumption: the capacities of all non-combustible fuels based power plants remain
the same, regardless of the COMBI energy efficiency improvement actions undertaken to reduce
electricity demand. We feel justified in doing so, for the following reasons:
•

The decision whether to retain nuclear capacity or not has become mostly a political decision.
Lacking adequate stakeholder consultation in COMBI, we decided to not deviate from the
PRIMES / EUCO assumptions (in particular, the ones used in the EUCO 30 scenario). The EUCO
30 can easily be replaced by those of the other EUCO scenarios, or for that matter, by any
scenario from whatever source;

•

The shares of renewables based technologies are for a large part dictated by RES shares that
each EU member state has to attain by 2030. Again, without the possibility of discussing
these matters with stakeholders, it was deemed more appropriate to retain the PRIMES
values;

•

Given the above, a reduction in electricity demand would inevitably lead to a reduction of
power (and heat) generated by fossil fuel based plants. Although COMBI is exclusively concerned with energy saving issues, one cannot completely ignore the environmental and
climate change aspects. Less coal, oil and gas plants would evidently be beneficial to reaching
environmental and climate change targets. Reducing the relative shares of coal, oil and gas
based technologies would therefore more than likely be a first priority of the EU member
states.

As explained earlier, determining the energy efficiencies of the transformation sectors, including
heat and power, in essence falls outside the scope of the COMBI project. However, it would not be
difficult to replace the ones currently used in the COMBI model, provided PRIMES, JRC or other
scenario builders would make them publicly available and in sufficient detail.
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Primary production and recovery of coal and oil feedstocks

Total energy demand consists of demand for primary and secondary energy carriers (figure 3).
Secondary energy carriers are generated by the transformation sectors, as discussed in the
previous chapter. Primary energy carriers are either produced indigenously, or have to be
imported. As such, the domestic production levels of the primary production sectors in 2030 play a
crucial role in determining net primary imports, and thus the energy security impact indicators.
In the EUROSTAT energy balances, “recovered products” are a separate table. In the COMBI
energy balance model, recovered products of coal and oil feedstocks are incorporated into the
primary production matrix. As explained before, in COMBI other recovered products (e.g. recovered
(blended) natural gas or recovered ‘other hydrocarbons’) are treated as gross outputs of particular
transformation sectors, to enable the calculation of sector-specific energy intensities.
PRIMES does give some information on primary production and recovered products, albeit for a
limited number of aggregated energy carriers. For each PRIMES / EUCO scenario we estimated
values for the 28 energy carriers used in COMBI. These data are available in the appended Excel
file.
The PRIMES / EUCO primary production values are only initial values for the COMBI REFERENCE
scenario in 2030. As the model seeks an new equilibrium between total energy demand and
energy supply after introducing a COMBI energy efficiency improvement action, the initial values
for the renewable (primary) energy carriers can and will change.
This is in particular the case for the (by definition primary) production of flow renewables (hydro,
wind, tide/wave/ocean, solar, geothermal), whose values are ultimately determined by total
demand for electricity and heat. The model of course ensures that for each EU member state
certain RES target and potential constraints are not violated. We use the RES potential constraints
from the JRC TIMES model. We also put some (rather artificial) constraints on the production of
stock renewables, in particular biomass, in order to ensure that overproduction of biomass would
not lead to large net exports, which we deem unlikely and potentially even undesired. Lacking
concertation with stakeholders, we resort to default values based on historical data and literature.
Any of the above mentioned constraints can be easily adjusted within the model.
For (endogenously) determining the domestic primary production levels of coal, oil and gas in each
EU member state, we would ideally need a worldwide energy-economic model. Developing this
within the COMBI project was obviously not feasible, and we adhere to the PRIMES / EUCO
scenario values (in particular EUCO 30) as much as possible. More importantly, to make
comparisons between the COMBI energy efficiency improvement actions and the reference
scenario more meaningful, or at least much clearer, we deliberately keep the primary production
levels of primary coal, crude oil & NGL, and natural gas, fixed at the COMBI reference scenario
level. Otherwise, one could imagine a scenario where net imports are artificially increased or
decreased simply by decreasing or increasing primary production, within certain bounds of course
(such as available resources in the future). This would make it very difficult, if not impossible, to
disentangle the effects of the COMBI actions on net imports from other factors influencing net
imports.
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Net imports

Net imports are in a way the culmination of the COMBI energy balance model. They are basically
calculated by subtracting “total energy supply minus net imports” from “total energy demand”.
Given the many interdependencies and feedback loops within the model, this can only be solved
iteratively. Solving the set of equilibrium equations in general takes less than one minute.
As stated repeatedly, net imports are the foundational brickwork for determining the energy
security impact indicators, which will be discussed in detail in part 2.
4.4

Other, mostly ‘oil balance’ related energy supply matrices

To complete the supply side of the COMBI energy balance, we need data on a number of mostly oil
or oil product related variables. We list them, with their EUROSTAT definitions:
•

Recycled products: “products returned after use to recycling plants for cleaning and processing”. In
practice, this only applies to oil products;

•

Backflows form petrochemical industry: “oils returned to the refinery from processes in the
petrochemical industry”. This only applies to (oil) feedstocks and oil products;

•

Primary product receipts: “crude oil and NGL reported as direct use so that disposal can be
shown”.

•

Products transferred and inter-product transfers: “oils which are reclassified under another
name” and “movements between products which represent reclassification of products owing to
changes in quality and therefore specification”.

The PRIMES / EUCO scenario do not reveal any information concerning the possible values of
these variables in 2030.
It would furthermore be extremely difficult to make them completely endogenous in the COMBI
energy balance model. Determining backflows would require very detailed models of the chemical
and petrochemical industry. As we know, building those models was not possible within the
COMBI project. Also, recycled products, primary product receipts and transfers in particular are
related to the (future) quality characteristics of oil and oil products. It is not very clear how one
would go about modelling these issues.
We therefore assume values similar to the ones in the EUROSTAT energy balance of 2015, albeit
adjusted for differing throughputs of oil and oil products in 2030.
On a final note, contrary to what is depicted in figure 2, in the COMBI energy balance we only use
one matrix for “transfers”, combining both “products transferred” and “inter-product transfers”.
4.5

Concluding remarks concerning the energy balance approach

At the most basic level, final demand as determined in WP2 of COMBI determines primary
production levels for the primary energy carriers and gross outputs of the transformation sectors
(mostly petroleum refineries and heat and power plants) for the secondary energy carriers.
Outputs of the transformation sectors also determine additional primary energy demand as
“feedstocks”. Domestic resource, capacity and other constraints imply that demand may not
always be met, in which case primary and / or secondary energy carriers have to be imported.
Final demand allows us to calculate energy intensity impact indicators, net imports are used for
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energy security indicators, and the gross outputs of the heat and power sector lead to avoided
heat and power infrastructure costs and power reliability or adequacy impact indicators.
Reality is not that simplistic. We had to include many other variables, mimic the intricate web of
interconnectedness, as well as include a large number of feedback loops. Our COMBI energy
balance model is realistic, as testified by its ability to properly reproduce the EUROSTAT energy
balances of 2015 using the internal dynamics or our model with only a relatively small amount of
exogenous variables.
Another complicating challenge is the inclusion of the twenty-one (21) individual COMBI energy
efficiency improvement actions. Constructing an energy balance once or twice is a non-trivial task.
We accomplished the construction of 23 different balances for 28 different countries in 2030.
Our work was aggravated by limited publicly available data from the PRIMES / EUCO scenario
energy balances, providing at maximum 10% of the information we required.
Hence, a multiple of the originally foreseen time budget had to be spent on developing the
foundational groundwork of the WP7 impact indicators, absorbing our time available to conceive
the indicators as such.

5 Possible interactions with other impacts
5.1

The optimal energy supply mix

There exist links between the mix of energy supply technologies (relevant for the WP7 indicators)
and the impact indicators of WP3 (Pollution) and WP4 (Resources).
Figure 14: Interaction with other impacts

For example, the ‘optimal’ mix of power plant and cogeneration units would not only be
determined by their lifecycle costs (LCC), but also by their external costs. The latter are derived
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from heat and power production data and monetisation methods to estimate the environmental
impacts of the heat and power supply system. Environmental impacts would include greenhouse
gas emissions (i.e. climate change), depletion of energy resources, particulate matter formation,
agricultural land occupation, water depletion, metal depletion, human toxicity, ecosystem toxicity,
radiation, acidification and eutrophication. Among power generations technologies for example,
fossil fuel based plants in general have the highest external costs. Time and budget constraints
did not allow the estimation of external costs in WP7. Upstream-resources are included in the
COMBI resource impact calculations (WP4), and can be consulted in the D2.4 resource report.
However, because the research efforts in work packages WP4 and WP7 ran in parallel, WP4 and
WP7 could only rely on the power supply mix given in the PRIMES reference scenario as a common
ground for both work packages. Hence, the mix of power supply technologies in the COMBI
efficiency scenario as determined by the COMBI energy balance model could not be made
available in time for WP4.
5.2

Energy price shocks and macro-economic growth

Improved energy efficiency in supply and demand, including demand side flexibility, would
enhance the resilience of the energy system to unexpected energy price hikes of foreign origin.
This in turn may decrease the dampening effect of price shocks on macroeconomic growth.
The relationship between energy security, and more in particular increases and volatility of crude
oil market prices on the one hand; and gross domestic product (GDP) growth on the other hand,
has been an ongoing topic of research since the 1980s. Price volatility is usually regarded as being
less significant in terms of macroeconomic consequences than sustained price rises. Empirical
research suggests that (at least in oil importing nations) oil price increases dull macroeconomic
growth by increasing inflation and unemployment and depressing the value of financial and other
assets. For instance, the international oil supply disruptions played a role in the recessions of the
1970s in the United States. However, the exact magnitude of that role remains uncertain.
Literature would suggest that the microeconomic links between energy price shocks and
economic performance apparently had little to do with the 1970s’recessions. Also, not every oil
price shock has led to economic slowdown. Most evidence tends to be gathered from short-run
national or cross-sectional studies. The link between oil price shocks and GDP slowdown
therefore continues to be controversial.
Possible effects on global energy prices are modelled in COMBI work package WP6 (macroeconomic calculations), and can be consulted in the D6.2 report. Again, because the work in work
packages WP6 and WP7 ran in parallel, it was practically impossible to establish a feedback loop
between the WP6 and WP7 models.

6 Energy security (imports, system & reliability) indicators
COMBI impact indicators (figure 1) are calculated twenty-three times: once for the COMBI
reference scenario, 21 times for each of the individual COMBI energy efficiency improvement
actions, a 23rd time for the COMBI efficiency scenario corresponding with final demand when all
COMBI actions are jointly implemented.
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We provide a mixed bag of energy security (imports, system & reliability) impact indicators. The
selection of indicators is based on the following principles (Ecofys, 2009):
•

How well do the indicators measure the impacts of a threat to the energy system?

•

How transparent and objective are the indicators and to what extent is expert judgment
required?

•

Are data available at the EU and individual member state level and how robust or (un)certain
are those data?

•

Are there particular data requirements that are even more uncertain when projected into the
future and which do not form part of standard EU modelling assessments?

The following impact indicators were retained in WP7:
•

Energy intensity;

•

Two energy dependency indicators (a physical and a monetary indicator);

•

An aggregated energy security index;

•

Avoided output and capital costs for power systems;

•

A power reliability or adequacy indicator.

The original intent was to assess an additional monetary indicator, the value of lost load (VOLL),
but this effort had to be abandoned, due to both lack of data and severe time and budget
constraints in the COMBI project.
Some of the COMBI impact indicators are fairly simple, both to calculate (once the results of the
COMBI energy balance model are obtained) and to understand. Others are more complicated, both
in computational terms and in how they have to be interpreted.
In this report we only discuss the results for the COMBI reference and efficiency scenarios. All
detailed results, per individual COMBI action, are available in the appended Excel file.
However, we emphasize once more that (most) energy security / system impact indicators in
COMBI are non-additive. One cannot simply add the values of the impact indicators for all the
individual COMBI energy efficiency improvement actions, and expect the sum to be equal to the
impact indicators of the COMBI efficiency scenario, that reflects the simultaneous implementation
of all COMBI actions.
6.1

Energy intensity of the economy

The energy intensity (EI) of an economy is defined as the physical energy inputs needed to
generate one unit of economic output.
The most commonly used energy intensity indicators are the ratio TFEC/GDP or the ratio
TPES/GDP, where GDP is gross domestic product, TFEC total final energy consumption, and TPES
total primary energy supply. Total primary energy supply (TPES) equals indigenous production +
imports - exports - international bunkers ± stock changes (IEA definition).
In COMBI we opt for final energy demand divided by GDP because the COMBI project exclusively
focuses on final energy demand savings. TPES can easily be calculated from the COMBI WP7
results, and if so desired, it would not be difficult to calculate TPES/GDP also. The units are
toe/M€2013.
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Lower energy intensity makes the energy system less vulnerable, and increases energy security.
We calculated two variants, one with numerator final demand including non-energy uses, and one
with final demand excluding non-energy uses. For the purposes of the COMBI project, the indicator
excluding non-energy uses appears to be the most appropriate one, as non-energy uses fall
outside the scope of the project.
Table 3: Energy intensity in 2030 of the COMBI efficiency scenario and relative to the COMBI reference scenario (in toe/M€2013)

It was further agreed within the COMBI consortium that by assumption GDP in 2030 would not
change as a result of the energy efficiency improvements (no feedback). In other words, the GDP
used is fixed at the level of the reference scenario. In COMBI we therefore use the GDP levels
taken from the PRIMES reference scenario.
In principle, the GDP results for the year 2030 calculated in work package WP6 can be used.
However, a change in GDP due to COMBI actions means that final demand would also change, and
thus the WP7 impact indicators. The COMBI WP6 and WP7 models would thus have to engage in
an ‘iterative process’, where changes in GDP and final demand at some point would ‘converge’
until equilibrium in all markets (goods, services and energy) is reached. The models in WP6 and
WP7 were built from scratch and moreover were also developed in parallel with the same
deadline for finishing the models. Given the limited time and budget resources in COMBI, it proved
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practically impossible to develop a serious interface between both models. This is certainly a
shortcoming that ought to be fixed in future applications.
As GDP thus – by COMBI assumption – stays fixed, and the overall impact of the COMBI energy
efficiency improvement actions is a decrease of final energy demand, it evidently follows that the
energy intensities of the 28 EU member states will decrease, i.e. “improve”, as a result of the
COMBI actions.
Energy intensity improvements relative to the reference case for the EU member states vary
somewhere from roughly 10% to 15%, reflecting the different energy savings similar COMBI
actions may realize in the different countries.
6.2

Import dependency

Import shares, disaggregated with regard to energy carriers and / or regions of origin, and
expressed in either physical or monetary terms, are commonly used as import dependency
indicators.
Net imports (as opposed to imports in general) provide a more realistic view of actual dependencies. The degree of (net) import dependency (separately for each individual energy carrier or
aggregated for all energy carriers) is adopted as an important indicator for energy security,
because in emergency situations a country may still be able to control the indigenous extraction of
energy resources but has no direct control over energy imports. The assumption that imports
pose a greater risk than indigenous supply may in some cases be misleading, since the ability to
import energy can be used to compensate for domestic production losses. The ability to import
energy may in some cases be an asset, as it can make the energy system more flexible and
resilient.
For the import dependency impact indicator, the main (implicit) assumptions are as follows:
-‐

The share of an energy source in total energy consumption is used a proxy for its importance in the economy. The simplifying assumption is that a decrease in this share will
also decrease the impact on welfare for any cause of energy insecurity in a similar degree;

-‐

Physical unavailability of an energy source is primarily a short-term effect;

-‐

Each EU member state acts in its own self-interest. That is, the region closest to the
source of supply has priority. Any storage will first be utilised in its own member state;

-‐

Storage facilities are maintained at their maximum levels;

-‐

The largest gas import pipeline routes into the EU or a region is unlikely to change in the
future to 2030;

-‐

A supply shortfall in the scope of an LNG-based oil-indexed contract may be fully compensated by turning to the LNG spot market, at least in the period moving beyond 2020;

-‐

EU energy efficiency policies do not affect the future development of international fossil
fuel suppliers;

-‐

The maximum potential energy security impacts of stock renewables resource concentration are likely to be small to 2030. This circumvents key assumptions about the rapid development of second-generation technologies employing the large potential from woody
biomass in the EU.
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Table 4: Share (%) of net imports of primary coals, crude oil & NGL and natural gas in primary energy supply in 2030 in the COMBI
efficiency scenario and change (%) relative to COMBI reference scenario

In COMBI we calculate the following variants of physical import dependency indicators:
-

The share of the net imports of all energy carriers in the total energy supply;

-

The share of net imports of primary coal, crude oil & NGL, and natural gas in the total energy
supply;

-

The share of net imports of primary coal, crude oil & NGL, and natural gas in primary
energy supply.

For the definition of “total energy supply” we refer to our detailed description of the COMBI energy
balance model (figure 2). Total energy supply of course equals “total energy demand”. We define
primary energy supply in COMBI as the sum of “primary production and recovery of coal and oil
feedstocks” and “net imports”. This deviates from the commonly used International Energy
Agency (IEA) definition of total primary energy supply or TPES, where TPES equals indigenous

35

WP7: Quantification and monetization of selected energy system and security impacts. D7.4 Final report

COMBI GA No. 649724

production + imports - exports - international marine bunkers - international aviation bunkers
+/- stock changes. The reason of the deviation is our interest in knowing to what extent energy
demand can be met by indigenous (primary) production. Including elements such as bunkers or
stock changes (see IEA definition) would make this less clear. Furthermore, lacking a detailed
stock analysis model, the figures we obtained for stock changes are somewhat less reliable than
those for net imports and primary production.
Table 5: Net imports costs (million EURO) of primary coals, crude oil & NGL and natural gas in 2030 in the COMBI efficiency scenario
and absolute (million EURO) and relative (%) change relative to COMBI reference scenario

For each of the three above mentioned impact indicators, we additionally calculate two variants:
-

The net imports of a EU member state relate to the imports of “the rest of the world”,
including the other 27 EU member states;

-

The net imports of a EU member state only relate to the imports of countries outside the
EU28.

When only looking at countries outside the EU28 for net imports, we implicitly regard the EU28 as
“one entity”. To our knowledge, no other import dependency indicator in literature has ever
considered this.
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The monetary import dependency indicators in COMBI are obtained by multiplying the net imports
of primary coal, crude oil & NGL, and natural gas, with their respective energy prices in 2030.
Again, we calculate two variants, one where for each EU country the fellow 27 EU member states
are included “in the rest of the world”, and one where EU28 is regarded as “one entity”. Ideally, the
energy prices would be those of the PRIMES / EUCO scenarios. That information was not
available. We therefore compiled a table of possible energy price scenarios in 2030 from several
sources, mainly IEA and ENSOE. We opted for the ENSOE TYNDP Vision 1 energy price scenario, as
this comes closest to the EUCO 30 scenario. In the COMBI model energy price scenarios can easily
be changed. The missing information about the PRIMES price scenarios does lead to some loss of
consistency.
We opt for “share of net imports of primary coal, crude oil & NGL, and natural gas in the primary
energy supply” as the most meaningful physical import dependency indicator in COMBI. A
decrease of this share is regarded as an improvement of energy security.
As primary production of coal, crude oil and natural gas – by assumption - remains fixed in COMBI,
one would expect that final energy demand savings would lead to an overall decrease of the share
of net imports of coal, crude oil and natural gas in primary energy supply.
The results obtained for all combined COMBI actions, do confirm this, with the exception of
Cyprus. Cyprus is somewhat of an outlier, as in 2030 it only imports significant amounts of natural
gas, very little primary coal, and no crude oil. It also produces neither primary coal, crude oil, or
natural gas. Energy savings combined with electrification and a subsequent increase in the share
of gas-powered plants may very well (partly) explain this anomaly. Also individual COMBI actions
do not necessarily always automatically lead to an improvement, i.e. decrease, of the aforementioned share of net imports. Given the intricacy and interconnectedness of the different
components of the energy systems, the end results of a simulation can often contradict expected
outcomes.
The relative changes in the share of net imports vary greatly from country to country. Whereas for
some countries the improvement (decrease) relative to the reference scenario can be higher than
5%, for some countries it is assessed to be lower than 1%.
Viewing the EU28 as “one entity” subsequently means the absolute shares of net imports will
decrease, as the net imports from fellow EU28 member states are ignored. The effect on relative
changes is not so straightforward, as this depends on the share of countries outside the EU28 in
the total of net imports.
Net import costs in all cases (except Cyprus) unsurprisingly decrease (improve).
6.3

The COMBI aggregated energy security indicator

For the COMBI project we define an aggregate energy security metric for capturing import
dependency, diversification of energy sources and geographical diversification.
Many energy security indicators focus on supply-side characteristics such as the diversity of a
country’s energy sources or the diversity of energy suppliers. Diversity in energy type and
geographical source is a means to hedge against supply risks; and diversity among suppliers
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against market power. Extended diversity indicators may also partly include risk profiles of
exporting countries or the geological resource base of the particular energy sources.
Diversity indices are a means to quantify diversity in energy supply in a formal way. Typical
diversity indices are the Herfindahl-Hirschman index (HHI) or the Shannon-Wiener index (SWI).
A typical diversification Herfindahl-Hirschman index (HHI) is given by 𝐻𝐻𝐼 =

! !
! 𝑝! ,

where 𝑝!

represents either the share of energy (fuel) type 𝑖 in the energy mix or the market share of
supplier 𝑖. A score of 1 would mean that only one fuel is used or that there is only one supplier.
The lower the value of the HHI, the more diverse the energy system is. The minimum value is
!

when all the shares are equal to .

!

!

!

A typical Shannon-Wiener index (SWI) is 𝑆𝑊𝐼 = −

!

𝑝! log  (𝑝! ). The Shannon-Wiener index (SWI)

puts relatively more weight on the impact of smaller market participants, while the Herfindahl–
Hirschman index (HHI) places more emphasis on larger suppliers. It is generally believed that,
other things equal, suppliers that constitute a larger share of country’s energy imports potentially
may cause more problems for energy security.
Dependency indicators more refined than the ones we discussed in the previous chapter measure
an economy’s import dependence weighed with its fuel diversity. The Energy Security Price Index
or ESPI for example is based on the market share of energy exporting countries in the global
export potential for each fuel and a political risk assessment of energy exporters. The composite
energy security index (ESI) by Böhringer & Keller (2011) combines the Energy Security Price Index
(ESPI) and the Energy Security import Index (ESMI) with the energy intensity indicator. ESI
captures three different energy security aspects: the price risks to specific fuels, the import
dependency on specific fuels, and the importance of energy in the economy.
Concerning political risk assessment, governments control the actual energy supply or the
conditions under which other parties develop these. It is problematic to relate concepts such as
stability of a regime, willingness to trade with a regime or the stance towards a specific regime to
simple indicators.
Possible indicators that have been used in the literature include:
•

The “International Country Risk Guide (ICRG) political risk rating” which monitors 140 countries
and includes political, financial, and economic risk ratings;

•

The average of two of the World Bank’s worldwide governance indicators, ‘Political stability
and absence of violence’ and ‘Regulatory quality’; or

•

The “UNDP’s human development indicator (HDI)”.

Our WP7 literature review revealed that geopolitical relations are extremely hard to quantify, and
typically one has to rely on expert judgement. Political risk indicators (e.g. ICRG or World Bank
governance indicators) only assess the general political stability, so they do not take bilateral
relationships into account, nor do they consider specific political issues that cause supply
disruptions. These methods are therefore less suitable to study radical system changes and
longer timeframes if this alters the structure and feedbacks within the system.
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For the aggregate metric capturing import dependency, diversification of energy sources and
geographical diversification, COMBI uses a Herfindahl-Hirschman index-based (HHI) indicator,
which is basically a variant of the indicator first proposed by Böhringer & Keller (2011).
The COMBI aggregated energy security index (CAES) is thus given by the following equation
𝐶𝐴𝐸𝑆!"!#"$  !"#"$ =

!"#  !"#$%&!   
! !"#$%"&  !"!#$%  !"##$% ×

!

𝑟! × 𝑤!,!

!

with
f = index of energy carrier (primary coal, crude oil & NGL, natural gas
c = index of the “country of origin”
rc = the political risk rating of country c
wcf = the share of country c’s net import6 potential of energy carrier f
From the literature review in WP7 we know that a diversity index should consider three elements:
1. Variety (number of categories);
2. Balance (spread across categories) and
3. Disparity (degree to which categories are different from each other).
For the “comprehensive” energy security impact indicator, we only consider three primary energy
carriers, namely primary coal, crude oil & NGL, and natural gas. From our literature review (see the
D7.1 report) we know that the inclusion of too many parameters, including energy carriers, tends
“to balance out different aspects at the aggregate level”. In practice, this means that very different
scenarios may still lead to very similar impact results. The choice of the three primary energy
carriers is also supported by their dominant role in power supply (see avoided power infrastructure costs). Moreover, there were not enough reliable data to include “solid biomass” for all 28 EU
member states.
The net import values are known from the COMBI energy balance model. The energy balance
model does not give the countries of origin of the net imports, certainly not if those imports are
from outside the EU28. The published PRIMES / EUCO data do not give that information either.
We therefore had to develop a separate module that allocates the net imports to different
countries. Lacking a worldwide energy-economic model, this had to be done based mostly on
historical EUROSTAT trend extrapolations of import / export potentials and literature values.
Where possible, projections are based on IEA data and held constant across the COMBI reference
and efficiency scenarios, under the assumption that EU energy efficiency policies do not affect the
future development of international fossil fuel suppliers. Data on the net imports per country of
origin are available in the appended Excel file.

6

From the viewpoint of the EU member state that imports from country c.
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Table 6: COMBI aggregated energy security impact indicator in 2030 for COMBI efficiency scenario, using the World Bank Political
Stability and Absence of Violence/Terrorism as political stability indicator (normalized using Z-scores), and absolute and relative
change relative to the COMBI reference scenario

For political stability COMBI utilizes either one of the following indicators:
•

The World Bank Governance Indicators. The aggregate country measure (composed of all 6
sub-indicators) is probably the most appropriate indicator, given the inherent subjectivity in
such measures and difficulty in relating specific metrics to energy security risks. Historic data
are available;

•

The United Nations (UN) Human Development Index (HDI).

In both cases the historic values are assumed to remain constant as no projections are available.
Apart from the problems with risk indicators already mentioned, for a small number of EU
member states (e.g. Austria) it was not possible to allocate (most) of the net imports to countries
of origin. In those cases a default value for the risk indicator had to be applied to the “unknown
country of origin”. For those EU member states having significant “net imports from unknown
countries”, the COMBI aggregated energy security index is very sensitive to the default values that
are allocated to the “unknown countries of origin”.
As for the import dependency indicators, we calculated two variants:
•

One where the other EU27 member states are regarded as “rest of the world;

•

One where EU28 is regarded as “one entity”.

The appended Excel file gives detailed results for all COMBI variants.
The WP7 literature review revealed many shortcomings of comprehensive or aggregated energy
security indicators. The classifications are value-laden. There is no appropriate measure of
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disparity, introducing a form of arbitrariness or subjectivity. More extended diversity indices may
yield different results depending on the partitioning of options (e.g. “coal, gas, oil, nuclear,
hydro/geothermal,

other”

versus

“coal,

gas,

oil,

nuclear,

hydro,

geothermal,

solar,

tide/wave/ocean, wind, combustion renewables and waste, other”). An extended diversity
indicator is thus sensitive to linguistic conventions. Nevertheless, we include an extended energy
security impact indicator in COMBI, to demonstrate that many – sometimes contradicting –
factors are involved in the determination of energy security.
The results show that changes in the COMBI aggregated energy security impact indicator vary
widely. For the majority (18) of the EU member states, there is an improvement when implementing the COMBI energy efficiency scenario, with a fairly wide range. For 9 countries however the
impact indicator worsens.
Aggregated energy security impact indicators are by their very nature difficult to interpret. They
combine the effects of a multitude of forces that at times may oppose each other. For example,
although a decrease in the net imports (or more energy independency) is a good thing, it might
also lead to less countries from which energy is imported, thus leading to less diversity (and
consequently less energy security).
This highlights the biggest drawback of comprehensive or aggregated impact indicators. To
analyse why an indicator changes the way it does for a particular country, one would have to work
one’s way back through all the detailed interconnections of the energy balance.
6.4

Avoided costs of power infrastructure

In the COMBI project we use a simply metric for the energy, or rather, power system impact
indicator, namely the avoided capacity costs of heat and / or power plants, either as a result of the
reduction of electricity demand in the COMBI energy efficiency scenario (all COMBI actions
combined) or as a result of implementing each individual COMBI energy efficiency improvement
action one at a time.
The long run marginal cost of an energy-related investment is made up of a capital cost
component (associated with the initial construction of the equipment) and an annual (fixed,
variable and energy) operational cost component that is incurred as the equipment is used. In
COMBI, we only calculate the capital cost component, although an annual O&M (Operations and
Maintenance) costs can also be computed. They are non-discounted cost for 2030, and they are
attained by comparing the capital costs in the COMBI reference scenario with the capital costs
after implementing the COMBI actions.
As explained in the description of the COMBI energy balance model, we assume that the shares in
the power plant and CHP production mix of flow renewables (hydro, wind, PV, tide/wave/ocean,
geothermal and solar thermal) and of nuclear remain fixed throughout the scenarios in 2030, and
that only the generation, and thus required capacities (MW) of the combustible fuel based plants)
plants will change (decrease) as a result of the energy savings.
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Table 7: Avoided non-discounted capital costs of combustibles based power plants and CHP plants in 2030 in the COMBI efficiency
scenario, relative to COMBI reference scenario (Million EURO)

Theoretical avoided capital costs are simply calculated by multiplying the avoided generation
[MWh] of coal, oil, gas and biomass/waste plants with the appropriate capital costs [EUR/MWh],
which are then summed to obtain the COMBI energy (power) system impact indicator.
The indicator is very dependent on the underlying assumptions of future capital costs of different
technologies within the energy system models used to produce the scenarios. As previously
stated, the initial values of the technology mix in the COMBI efficiency scenario is based on the
EUCO 30 scenario in 2030. However, we do not have any information on the capital costs that are
used in the PRIMES/EUCO optimization models. Literature does offer a plethora of capital cost for
the different power plants and CHP plants. We opted for costs provided by the JRC TIMES model
and by ECOFYS, as the format in which their data are represented came closest to the methodology used in the COMBI energy balance model. It would however not be that difficult to use capital
costs [EUR/MWh] or [EUR/MW] from any other source. Ideally, stakeholder involvement would be
required to ascertain which cost functions to use, but that was outside the scope of the COMBI
project.
As can be expected, the COMBI energy efficiency scenario leads to a decrease in required capacity
for combustible based power plants and CHP plants. The one exception is Lithuania, where there
is an increase in gas based powered plants. One has to bear in mind that large overall savings does
not necessarily mean a proportional decrease in electricity demand. Energy savings scenarios can
and oftentimes will go hand in hand with electrification of the economy.
Given the low granularity of energy system models such as PRIMES but also of the COMBI energy
balance model, it is difficult to define a sufficiently transparent metric that directly considers the
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impact of changes to price shape and volatility on investments. The load factor of a plant itself
may be helpful as a much simpler proxy (Ecofys). The load factor is a measure that is conventionally defined as the ratio of the output produced by a plant in a certain period and the theoretical
maximum that it could have produced. Load factors can be measured in hours, days, months or
any other appropriate time period. The load factor percentage is derived by dividing the total
kilowatt-hours (kWh) consumed in a designated period by the product of the maximum demand in
kilowatts (kW) and the number of hours in the period. If so desired, COMBI can provide the annual
load factor as an additional indicator for each of the 28 EU member states and all the scenarios,
but not at the plant level. It was impossible within the COMBI project to construct from scratch a
detailed bottom-up model that simulates all the individual power (and/or heat) plants of all 28 EU
member states on an hour-per-hour basis.
6.5

De-rated capacity reserve rate

A country must sustain its power generation capabilities for peak demand, including reserve
capabilities in case something extraordinary happens. The de-rated capacity margin is a metric
that is used to measure electricity security of supply as well as to set a reliability standard.
The capacity margin is the level by which the available generation capacity exceeds the maximum
expected level of demand. The gross capacity margin is calculated as
𝑔𝑟𝑜𝑠𝑠  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑚𝑎𝑟𝑔𝑖𝑛   % =

𝑡𝑜𝑡𝑎𝑙  𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑝𝑒𝑎𝑘  𝑑𝑒𝑚𝑎𝑛𝑑
×100
𝑝𝑒𝑎𝑘  𝑑𝑒𝑚𝑎𝑛𝑑

The total available capacity is the sum of the (theoretical) full rated ‘nameplate’ capacities of all
plants.
The de-rated capacity margin takes into account that not all generation capacity will run at its
theoretical maximum at times of peak demand. De-rating means that the nameplate capacity of
each plant is ‘de-rated’ by a factor, which reflects the statistically expected level of reliable
availability from that specific type of generation technology. For thermal plants it takes into
account planned and unplanned outages that reduces the actual generation than can reliably be
expected to be available at any given time. For intermittent renewables (like wind) it takes into
account the actual generation that can reliably be expected to be available in a particular region at
any given time during the season being considered. Derating in the COMBI model is based on
figures we obtained from the JRC TIMES model.
In COMBI we retain two variants of power reliability impact indicators: a gross reserve capacity
rate and a de-rated reserve capacity rate [%], whereby reserve capacity rate is defined as the
reserve capacity [MW] divided by the total installed capacity [MW], multiplied by 100.
To calculate these impact indicators, as well as the load factor mentioned in the previous chapter,
we need hourly load duration curves for the 28 EU member states. Those were not available from
the PRIMES / EUCO scenarios, and the COMBI energy balance model does not operate at that
level of detail. We therefore built an additional module, that for each EU member state
incorporates load duration curves for 2030 obtained from the ENSOE Vision to 4 scenarios. Those
load curves are adjusted to the specific electricity demands in the COMBI scenarios. As there was
no time in COMBI to include every single plant in the EU28, including peak units, we only
distinguish “base load capacity” and “load following and peak load capacity”.
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Table 8: De-rated reserve capacity rate (%) and annual maximum demand [MW) in 2030 in the COMBI efficiency scenario, and
absolute and relative changes relative to COMBI reference scenario

Based on the different load duration curves provided by ENSOE and their associated electricity
consumption levels, we tried to infer how energy efficiency improvements (lower electricity
demand) might also affect the shape of the load curve (i.e. “flatten” it) through demand flexibility.
Reducing peak power demand is not the same as saving energy, but literature indicates that there
are overlaps between the two. Most energy-efficient technologies also yield some peak demand
savings, whereas reducing peak demands may also yield energy savings. Unfortunately, there is
very little research on how demand side flexibility affects energy use during off-peak periods As
we are not sure how the ENSOE load duration curves for their scenarios were constructed, the
results linking energy savings with the shape of load duration curves must be approached with the
most extreme caution!
When interpreting the de-rated reserve capacity rate, one has to bear two things in mind:
•

The COMBI energy efficiency improvement actions normally lead to a reduction in electricity
demand (the magnitude of which depends also on changes in the energy mix), which in COMBI
WP leads to a reduction of the generation and hence required capacity of combustibles based
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power plants and CHP plants, while generation of flow renewables and nuclear remain
unchanged. This leads to an increased relative share of flow renewables based plants.
However, due their intermittent nature their availability factors are lower, and more capacity is
required to meet demand. The natural result would be an increase in the reserve capacity rate;
•

To the extent that energy efficiency improvement actions also facilitate demand flexibility, the
load duration curve will change its shape, i.e. “flatten out”. This would mean lowering the
reserve capacity rate.

Finally, it is not so straightforward to tell whether an increase (or decrease) in the reserve capacity
rate is good (or bad). For some EU member states the rates are already fairly high, and from a
purely economic point of view that may not be so optimal. Maybe one should define a “target” derated reserve capacity rate. The closer one comes to this target would be regarded as an
improvement, the farther one moves away from the target, in either direction, as a worsening.

7 Conclusions
The COMBI WP7 analysis leads to the following conclusions.
In terms of methodology and impact definitions, we notice the following potential pitfalls.
Although we developed separate impact indicators for energy security (in terms of required net
imports and associated costs), power systems (in terms of required power outputs and associated
– avoided - investment costs) and system reliability (in terms of required reserve capacity), there
is a deep connectedness between those three entities(imports, systems and reliability). This
connectivity is encapsulated in the integrated COMBI energy balance model. Each COMBI action
may or may not have a direct effect on each of the impact indicators (e.g., the effect of energy
savings on energy intensity is most certainly direct), a particular action will in all likelihood have
more than one indirect effect as well. In effect, there exist intricate relationships between not only
final demand on the one hand and net imports, power outputs and reserve capacities on the other
hand, but also in-between imports, power outputs and reserve capacities. Furthermore, a single
COMBI impact indicator covering one aspect of an energy system may also reveal something
about one or more other aspects. For example, although less reserve capacity could – certainly
from an economic point of view - be interpreted as a positive occurrence for the power system, in
terms of system reliability it would be considered a more negative effect.
The construction of energy import, power system and reliability impact indicators thus requires a
very detailed simulation of the energy systems of all the EU member states, their interconnections (mainly power and gas grid networks), as well as their connections with ‘the world outside
(the EU28)’. In fact, ideally one would require an energy system model encompassing the whole
world. Furthermore, system reliability indicators require hour by hour or even quarter hourly
simulations of the different electricity and gas grids. These requirements were far beyond the
time and budget provisions allocated to the development of energy system models in the COMBI
work package WP7. COMBI only allowed the development of a fairly aggregated ‘energy balance’
model.
The effects of the COMBI actions on energy imports, power systems and their reliability highly
depend on the particular characteristics of the diverse energy system in the 28 EU member states.
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One aggregated indicator for the EU as a whole might therefore give a very incomplete or
distorted view of the real effects on individual countries. A thorough evaluation would hence
require valued contributions of experts and stakeholders alike from each of the 28 EU member
states involved. Again, the organisation of such an extensive consultation exercise was far beyond
the means of the COMBI project.
When evaluating the results of the WP7 impact assessment, the following considerations come to
the surface.
The effects of COMBI actions on energy imports, power systems and reliability are non-additive.
That is, the existence of complex interactions between the COMBI actions means that the effect of
action A in isolation plus the effect of action B in isolation does not add up to the combined effect
of actions A and B implemented jointly. The COMBI energy balance model results clearly bear this
out. This means that for evaluation purposes one should ideally look at pre-defined “packages of
COMBI actions”.
Furthermore, one should not look at energy efficiency improvements in isolation of other policy
issues such as climate change or environmental policies. A reduction in final energy demand
inevitably leads to shifts in energy carrier mixes, both on the energy demand and energy supply
sides. These energy mix shifts have substantial consequences on the energy imports, power
system and reliability impact indicators that more often than not are difficult to envisage.
Lastly, energy systems should not be approached separately from the economic systems.
Changes in energy systems, such as required investment costs, would have consequences for the
macro-economy, whereas economic changes in the demand of goods and services would
influence the demand and supply of energy sources. Ideally one would have to create an iterative
process where the values of macro-economic variables and of energy system variables are
exchanged between their respective models, until converging to equilibria in both macroeconomic and energy system markets. This procedure was not feasible in the COMBI project.
Work package WP6 (macro-economy) and WP7 (energy system) ran in parallel. Both WP6 and
WP7 had to build their models from scratch. Integrating the WP6 and WP7 models is certainly
desirable, and could in principle be achieved given the necessary time and budget resources.
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