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Introduction

This report documents all steps and assumptions in the process of replicating the
European Commission’s (EC) “A Clean Plant for All” scenarios in the EnergyPLAN tool.
Accompanying this report is a matrix (Appendix 1, found online) that presents all the
required data extracted from the EC’s documentation, as well as a brief note documenting
the origin of each value. The goal of this report is to make the replication of the scenarios
transparent in order to strengthen the academic quality of the work. Within the RE-
INVEST research project, the replicated scenarios will form the basis of the development
of new scenarios.

The first chapter of this report introduces the EC scenarios, including their background
and the context, in which they are created. Furthermore, it explains the relevance of
replicating these scenarios in EnergyPLAN within the context of the RE-INVEST project.
Finally, the chapter describes the overall methodology for how the replication is
performed, also touching upon some of the challenges that were met in this process and
how these were overcome.

Following the first chapter, the report presents a series of chapters, each focused on how
each individual sector of the energy system is replicated in terms of energy demands,
supply technologies, technology efficiencies and costs.

Finally, having documented how the input data for the replicated EnergyPLAN models
are identified, the two final chapters compare the outputs of the EnergyPLAN modelling
and the outputs of the EC modelling using the PRIMES model and discusses the accuracy
of the replicated scenarios as well the implications of any inaccuracies.
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1 The European Commission’s scenarios

In November 2018, the European Commission (EC) published a report titled: “4 clean
planet for all - strategic long-term vision for a prosperous, modern, competitive and
climate-neutral economy by 2050 [1]. Accompanying this report, the EC published a
substantial report about the energy system modelling that forms the basis for the EC’s
vision. This background report is called “Supplementary information - In-depth Analysis
in Support of the Commission Communication COM(2018) 773" [2]. As such, this report
it is the Commissions latest contribution to the debate on how the future European energy
system should look like, factoring in the transition to a climate-neutral economy.

As detailed in [2], the EC scenarios are modelled using the PRIMES model [3]. Table 1
highlights the different “A Clean Planet for All” scenarios calculated in PRIMES.

Table 1:The long term strategy options as presented by the European Comission

Long Term Strategy Option

s 0
Electrification Hydrogen Power-to-X E?;:;%l)év gclz:;l:‘; Combination Telc.lfn(i:cal 1.5°C Sustainable
(ELEC) (H2) (P2X) (EE) ! (CIRC) (COMBO (1.5TECH) Lifestyles (1.SLIFE)
. Pursuing
Hydrogen E-fuels in . ) . Based on
o inindustry, | industry deep Increased Costefficient | 510 Based on COMBO and
. . Electrification X energy resource and combination of . . e
Main Drivers . transport transport ; 8 . o with more CIRC with lifestyle
in all sectors efficiency material options from 2°C .
and and in all efficienc scenarios BECCS, changes
buildings buildings ] Y ccs
sectors

GHG target in
2050

-80% GHG (excluding sinks) [“well below 2°C ambition]

-90% GHG (incl.
sinks)

-100% GHG (incl. sinks) [“1.5°C”
ambition]

o Higher energy efficiency post 2030

¢ Development of sustainable, advanced biofuels
e Moderate circular economy measures

o Digitalisation

e Market coordination for infrastructure development

e BECCS present only post 2050 in 2°C scenarios

e Significant learning by doing for low carbon technologies

e Significant improvements in the efficiency of the transport system

Major Common
Assumptions

Power is near decarbonised by 2050. Strong penetration of RES facilitated by system optimization (demand-side response, storage, interconnections,

Power sector role of prosumers). Nuclear still plays a role in the power sector and CCS deployment faces limitations.

Reducing Higher
Use of H2 Use of e- energy Recycling rates,
Electrification . gas in demand material CIRC+COMBO but
Industry in targeted . I
N of processes applications targeted via substitution, stronger
PP applications Energy circular Combination of
Efficiency measures most Cost-
Deployment Increased efficient options
- LGl of H2 in 105t renovation Sustainable frocm » well bglow COMBO but CIRC+ COMBO but
Buildings deployment of of e-gas for o 2°C” scenarios stronger
targeted . rates and buildings - stronger
heat pumps o heating with targeted
applications depth .o
application
Faster H2 E-fuels (excluding CIRC) o CIRC+COMBO but
electrification deployment Increased .
5 . N deployment Mobility as a stronger
Transport sector for all for HDV’s model o . .
. for all 1 service o Alternatives to air travel
transport and some modes shift
modes for LDV’s
H2 in gas E-gas in gas Limited e Dietary changes
Other drivers distribution distribution enhancement | e Enhancement natural
grid grid natural sink sink

= |nnovation Fund Denmark
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1.1 Relevance of replicating the EC scenarios in EnergyPLAN

The EC scenarios are modelled on an annual basis in the PRIMES tool. In the RE-
INVEST project the intention is to model alternative scenarios based on smart energy
system. These scenarios will be developed utilising the EnergyPLAN model, which is
why a comparison requires the utilisation of the same model. Hence a replication of the
PRIMES models is necessary. EnergyPLAN has the ability to perform a complete hour-
by-hour energy system analysis for a full year for all energy sectors with the aid of time
series. This is required to complete a smart energy system analysis. In comparison the EC
scenarios modelled in PRIMES are not conducted on an hourly level. Time series for the
supply side include wind, photovoltaics or other variable energy sources, whilst the
demand side includes electricity demand, heating or transport demands.

EnergyPLAN was developed to model both traditional energy systems based on fossil
fuels as well as 100% renewable energy systems. Hence, it can represent/model radical
technological changes in all energy sectors, which is a key requirement for replicating the
PRIMES scenarios.

The PRIMES data is aggregated on a European level including all its 28 members (Report
was published in 2018), so the aim is to replicate both the “copper plate” model that
includes all countries as well as the individual countries. This will allow at a later stage
to model and understand better the role of gas and electricity interconnections between
the EU members. This documentation describes the development of the “copper plate”
replication of the PRIMES data into a single EnergyPLAN file. Within this single system
there is free flow of energy, however this entire European energy system is seen as closed
from other potential export and import areas.

1.2 Methodology

General methodology:

- The PRIMES report makes a general presentation of the assumptions and inputs to
the analysis. Most of the input data is presented in figures throughout this report. The
EC background report [2] details the data found in these figures in significantly more
detail.

- First, we use the data found directly where applicable, e.g. the capacity of the power
plants or a fuel consumption.

- We convert Mtoe to TWh at a conversion factor of 1 Mtoe = 11.630 TWh

Page | 6
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- Where direct values are not presented, values are calculated from totals using the
available data in the figures

- Finding historic data in relevant cases, mostly 2005 data from Eurostat
- Limitations:

= Rounded-up mtoe numbers in the figures from the PRIMES documentation
reports may lead to round-up decimals after the conversion to TWh

= Specific inputs in EnergyPLAN could not be found in the EC report (e.g.
mass-energy balances for the production of e-fuels)

= Knowledge on technology and capacity used (e.g. several different heat pump
technology data sets are presented for different geographical regions, but no
indication of which heat pumps or regions are used in the model)

- Application and identification of other possible assumptions and reference, when
none is given the PRIMES documentation report.

Page | 7
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2 Replicating the heating sector

This chapter describes how the heating sector of the EC scenarios is replicated in
EnergyPLAN.

In EnergyPLAN, the heating sector is split into individual heating and district heating.
Furthermore, the individual heating demand is determined by the fuel input and boiler
efficiency, while the district heating demand is determined by the demand for district
heating plus the losses of the grid. Therefore, to replicate the heating sector of the EC
scenarios in EnergyPLAN, the following is required:

= For individual heating:

- Fuel consumption for individual boilers, including coal, oil, natural gas and
biomass.

- Efficiencies of the fuel boilers.

- Heat demand from electric heating, including a split between electric boilers
and heat pumps.

- Efficiency of electric boilers and heat pumps.
= For district heating:

- Heat demand from district heating.

- Losses of the district heating grid.

- Capacity of available district heating producing technologies and their
efficiencies.

Section 2.1 describes the individual heating sector and Section 2.2 describes the district
heating sector.

2.1 Individual heating
This section describes how the individual heating sector was replicated.
2.1.1 Fuel demands for individual boilers

Figure 1 shows the non-electricity fuel consumption in buildings in the EC scenarios.

Page | 8
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Figure 44: Non-electricity fuel consumption in buildings

oil & coal natural gas biogas e-gas hydrogen  solid biomass district heating other RES
2015 60.5 143.2 1.8 0.0 0.0 45.0 30.0 2.8
2030 8.4 113.7 0.0 0.0 0.0 30.2 248 6.5
Baseline 0.6 715 0.0 0.0 0.0 13.9 19.9 9.6
EE 0.4 34.8 7.3 0.0 0.0 9.8 14.3 6.2
CIRC 0.5 37.0 15.6 0.0 0.0 12.4 16.8 8.1
ELEC 0.4 28.4 6.0 0.0 0.0 11.1 17.8 8.8
2050 H2 0.5 304 5.4 0.0 354 12.7 17.2 8.7
P2X 0.5 23.8 12.4 37.2 0.0 12.8 17.2 8.7
COMBO 0.5 10.6 8.5 18.7 6.8 11.3 15.9 6.9
1.5TECH 0.5 6.2 6.3 20.1 6.4 10.5 14.3 6.6
1.5LIFE 0.4 6.1 6.1 19.7 6.2 9.3 13.6 6.1
300
250 II.
W other RES
200 W district heating
] 150 - solid biomass
§ hydrogen
100 [ — = ] e-gas
50 I l ] . N - = : :::jtiar:I gas
0 . . - - - - = e M oil & coal
2015 2030  Baseline EE CIRC ELEC H2 P2X COMBO 1.5TECH 1.5LIFE

2050

Figure 1: Non-electricity fuel consumption in buildings, interpreted as fuel for individual heating boilers and district
heating demand. (Figure 44 in [2])

The non-electricity fuel consumption presented in Figure 1 is interpreted as fuels for
individual heating and cooking, while the numbers presented for district heating are
assumed to be de demand for district heating (excluding losses).

Since the demands for oil and coal are grouped together in Figure 1, and since [2] has no
account of the two individually, assumptions are required for separating oil and coal. In
the data gathered for Heat Roadmap Europe 4 [4], between the two, oil boilers account
for about 80% in 2015, while in 2050, they account for 100%. This same assumption is
applied here for the 2015 Reference scenario.

Hydrogen is presented as a fuel for individual heating. However, hydrogen boilers are not
included as a category per se, but rather, it is assumed that hydrogen-blends in the natural
gas distribution grids will increase!. To account for the hydrogen consumption in
individual heating, hydrogen is added as H2 micro CHP in EnergyPLAN, with the
thermal efficiency of gas boilers and with an electric efficiency of zero, thus functioning
as a boiler.

! This assumption is not stated in the EC background report /2]/. However, it was confirmed by a
representative from the EC in an e-mail correspondence dated March 28%, 2019.
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Furthermore, Since EnergyPLAN does not distinguish between natural gas, biogas, and
e-gas on the input side, these are all considered to be natural gas.

Based on these assumptions, Table 2 presents the fuel demands for individual boilers for

each of the replicated scenarios.

Table 2 Fuel demands for individual boilers in TWh.

Refzeorleice Bazsoesli(:Ie COMBO 1.5TECH 1.5 LIFE
Coal 140.7 14 1.2 1.2 0.9
Oil 562.9 5.6 4.6 4.6 3.7
Natural gas 1,686.4 831.5 439.6 379.2 370.1
Biomass 523.4 161.7 131.4 122.1 108.2
Hydrogen 0.0 0.0 79.1 74.4 72.1

2.1.2 Efficiencies of individual fuel boilers

The efficiencies of the individual fuel boilers are provided by the Technology Pathways
report [5]. In some cases, [5] includes two datasets for each fuel-based boiler (e.g. Gas
Boilers and Condensing Gas Boilers). In such cases, the average efficiency between the
two types is used for the 2015 Reference scenario, while only condensing boilers are used
in the 2050 scenarios, based on a sentence on page 94 in [2] saying that energy consumed
by heaters can be significantly reduced, thanks to a ... replacement of the most inefficient
segments with more efficient alternatives, which range from condensing boilers to heat
pumps...”. The efficiencies of individual fuel boilers in the replicated scenarios are
presented in Table 3.

Table 3: Efficiencies of individual fuel boilers, based on [5].

Refzgrﬁ\ce Bazs(:ji(:\e COMBO 1.5 TECH 1.5 LIFE
Coal 80% 97% 97% 97% 97%
Oil 80% 97% 97% 97% 97%
Natural gas 83% 98% 98% 98% 98%
Biomass 72% 79% 79% 79% 79%
Hydrogen 83% 98% 98% 98% 98%

For hydrogen, the efficiency of natural gas boilers is used, due to the assumption that
hydrogen will be blended in the gas distribution grid.

Page | 1C
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2.1.3 Electric heating: heat generation and technology efficiencies

To identify the demand covered by individual electric heating, the EC background report
[2] identifies the share of electricity in space heating in buildings. This is documented in
Figure 43 in [2] shown below in Figure 2.

Figure 43: Share of electricity in space heating in buildings

70%
60% ™
S0% ® @ e o © °*
40% L [ |
X m ® Services
30% ° n - [ m
20% n ] n M Residential
10% :
0%
2 8 £ w g & 2 & 9 T =
3 o w3
o (] —

2050
Figure 2: Share of electricity in space heating in buildings.

From the tables in section 2.1.1 and 2.1.2 it is possible to identify the heating demand
without heat demand covered by electricity. Table 4 highlights the calculated heat
demands excluding electricity.

Table 4: Heat demand for various units in the EC scenarios.

TWh 2015 205.0 COMBO 1.5TECH 1.5LIFE
Reference Baseline

Heat demand for boilers 2,710 1,240 840 750 720

excluding electric heating

Heat demand covered by 32 112 30 76 7

renewables

Total heat demand 2,742 1,352 920 826 792

excluding electricity

The electricity demand from heating must be added on top of these heating demands.
Based on the shares in Figure 43 in [2] and split between energy demands and services,
the share of heat demand supplied by electricity is shown in Table 5.

Table 5: Share of heat demand estimated to be supplied by electricity

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Page | 11
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Share of heat demand 8.12% 34.8%  40.55%  41.65%  39.2%
supplied for electricity
Thus, the heat demand covered by electric heating is shown in Table 6 below:
Table 6: Resulting heat demand covered by electric heating
TWh 2015 205.0 COMBO 1.5TECH 1.5 LIFE
Reference  Baseline
Demand covered by 242 722 628 590 511

electric heating

The EC background report [2] mentions, that both electric boilers and electric heat pumps
provide heating in their scenarios. However, it does not mention, how the electric heating
production is split between the two technologies. However, in several places, [2]
mentions that electrification is mostly due to heat pumps (e.g. p. 46, 94, 103 and 104).
Therefore, it is assumed, that electric boilers provide 10% of the heating supplied through
electricity, while heat pumps provide 90%. This assumption is also based on the rationale,
that pumps serve the base load and electric boilers are only used for peak demands. In
2015, the historic split between heat pumps and electric boilers from Eurostat is used.

The efficiencies of electric boilers and heat pumps are provided in the Technology
Pathways report [5]. Based on [5], the efficiency of electric boilers is assumed to be
100%. For heat pumps, however, [5] includes seven different datasets (including gas-,
ground- and water-based heat pumps, as well as air-based heat pumps for South, Middle
south, Middle north and North countries). Furthermore, each dataset includes a high, a
medium and a low efficiency assumption. Since neither [2] nor [5] provides any logical
way of calculating a weighted average between the datasets, the heat pumps are assumed
to have a coefficient of performance (COP) of 3. Table 7 sums up these efficiencies.

Table 7: Assumed efficiencies of electric boilers and heat pumps.

2015 2050

. COMBO 1.5 TECH 1.5 LIFE
Reference Baseline
Electric boilers 100% 100% 100% 100% 100%
Heat pumps 300% 300% 300% 300% 300%

Combining these assumptions, with heat demand the following heat delivered from
electric boilers and heat pumps and the associate electricity is identified in Table 8.
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Table 8: Heat production the different heating technology.
TWh 2015 205.0 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Heat from EB 242 72 63 59 51

Heat from HP 3 649 565 531 460
Tota! electricity for 236 289 251 236 204
heating

The ‘Other RES’ category includes solar thermal and geothermal heat. Since no other
information is provided, these are assumed split equally. In the 2015 Reference scenario,
solar thermal is added as input to buildings with electric boilers, while in the 2050
scenarios, solar thermal is added as input to buildings with individual heat pumps.
Geothermal is added to the district heating demand in all scenarios. The geothermal is
included as district heating production via absorption heat pumps (see Table 13), while
the solar thermal is presented in Table 9.

Table 9: Solar thermal, added as input to buildings with electric boilers (2015 Reference) and individual heat pumps
(2050 scenarios). (TWh)

2015 205.0 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline
Solar thermal 16.30 55.80 40.15 38.40 35.50

2.2 District heating
This section describes how the district heating was replicated.
2.2.1 District heating demand

Figure 1 includes the demand for district heating, and this demand is reproduced in TWh
in Table 10 for the replicated scenarios, together with the assumed district heating grid
losses. The grid losses are not included in the EC background report [2]. Therefore, the
losses are assumed based on data from Eurostat [6].

Table 10: District heating demand and grid losses

2015 205.0 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline
District heating
365.2 287.2 225.1 204.7 193.7
demand (TWh)
District heating 14% 14% 14% 14% 14%

losses
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2.2.2 District heating production technologies

The technologies that produce district heating in the EC scenarios are:

= CHP plants
= District heating boilers
= Waste incineration plants

=  Geothermal stations

The EC background report does not mention large scale compression heat pumps as part
of the district heating supply mix, even though this technology is already being used in
many places and its potential in future district heating systems has been shown to be
significant.

The following sections describe the different district heating supply technologies.
CHP Plants

The assumed CHP plant capacity and efficiency is described in Section 3.2.2 and
presented in Table 34.

District heating boilers

The district heating boiler capacity is presented in Table 11:. The capacity corresponds to
the peak district heating demand plus 20% (to account for security of supply during
extreme peaks). The peak demand is assessed based on the annual demand for district
heating and the district heating time series in EnergyPLAN. The efficiency of district
heating boilers is set as the weighted average efficiency of the used fuel boilers, based on
technology data provided in the Technology Pathways report [5].

Table 11: Assumed district heating boiler capacity and efficiency.

2015 2050 COmMBO 1.5 TECH 1.5 LIFE
Reference Baseline
DH boiler 79,000 90,000 60,000 55,000 50,000
capacity (MW)
DH boiler 84% 94% 94% 94% 94%
efficiency

Waste incineration plants

The EC background mentions that waste is used in the scenarios. However, waste is
always presented together with biomass. A consequence of this way of conveying the
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data is that the report neither provides any information about how much waste is used,
nor what it is used for. Therefore, to account for some waste incineration, some
assumptions had to made. Figure 3 shows the available bioenergy feedstock (including
waste) in the EC scenarios, while Figure 4 shows the use of bioenergy in the EC scenarios.

Figure £4: Break down of bicenergy feedstock in 2050

2015 Baseline ELEC H2 P2X EE CIRC COMBO 1.5TECH 15LIFEa 15UFE  1.5LIFE-LB
Food crops 17 4 3 4 4 3 3 4 3 3 2 2
Lignacellulosic grass ] 18 &5 72 el 45 B7 7o a3 7% 68 31
short rotation coppice o 4 13 15 21 10 21 13 23 14 13 7
Agriculturs residues 18 17 33 34 32 31 35 34 33 34 34 is
Forest stemwood 28 23 33 33 33 29 34 33 34 33 32 28
Forest residues 15 30 32 32 3z 31 33 3z 32 32 3z )
Waste 59 a0 96 96 o8 g2 a3 a7 a6 93 a2 BS
Paper and pulp residuss 14 15 15 15 15 15 13 15 15 13 13 13
350
300
30
| - o= N
o 200
130
100
30
o
Baing 2K CRC  COMBD 1STECH LSUFE LSUFELE
WWaste -FHP'H'Hm JHlPr!Sl-DJEF W Forest stemmwood M Forest resicues
W Food crops Agriculture residues W Short rotetion coppice Lignoceulosic grass

Figure 3: Break down of bioenergy feedstock in 2050, according to [2]. (Figure 84 in [2])

Figure 83: Use of bioenergy by sectors and by scenario in 2050

2015 2020 Baseline ELEC H2 P2X EE CIRC COMBO 15TECH  15LIFEa  15LIFE 1SLIFE-LB
Power 49 B2 89 105 106 121 79 93 115 155 120 100 126
Industry 26 33 43 47 47 52 45 52 41 35 5 35 11
Road Transport 16 21 14 25 24 24 24 31 27 18 22 22 12
Air Transport Lt o 2 12 13 5 13 15 12 14 23 23 g
Service & Agriculture 7 & 11 10 12 11 14 11 10 1o 10 7
Residential 41 44 12 14 15 21 13 23 16 14 13 13 2
Other 1 3 4 5 5 5 5 5 5 17 5 4
300
250
200
g
150
E

B E g
I |
I |
I |
z [
» Y
I ]
[}l

—
— _—
I
1ITECH

M Power Mindustry M PRocd Tranzport M Air Transport B Service & Agriculture W Residential B Other

g_ll

2043 Basefine ELEC H2 13UFE  13UFELE

Figure 4: Use of bioenergy by sectors and by scenario in 2050 (Figure 83 in [2])

Page | 15

Z Innovation Fund Denmark




BRI INVEST N

To identify the waste incineration for district heating, the following assumptions are
applied:
1. Summing up the figures shows that there are more resources available than used.

However, there is no way of knowing which resources are not used. In a lack of
better knowledge, all available waste is assumed used in each scenario.

2. The bioenergy of Figure 4 is assumed to consist of the different residue-types in
Figure 3. These are considered one pool of fuel, meaning that all residues go to
all end-uses in Figure 4, according to their share of the total.

3. District heating from waste incineration is only assumed to go to the Residential
and industry end-uses.

Based on these assumptions, the share of waste that goes to district heating is equal to the
share of the total bioenergy that goes to Residential and Industrial uses. The shares and
the resulting waste incineration are presented in Table 12, together with the assumed
thermal and electrical efficiencies.

Table 12: Waste incineration assumed for the replicated scenarios.

2015 205.0 COmMBO 1.5 TECH 1.5 LIFE

Reference Baseline
Available waste (TWh) 686 1,047 1,128 1,116 1,070
Residential and.lndustry 48% 33% 259% 0% 239%
share of total bioenergy use
Waste for district heating
(TWh) 331 341 283 226 247
Ele'ct'rluty production 30% 34% 34% 50% 50%
efficiency
Heat production efficiency 20% 5% 5% 5% 5%

The electricity production efficiency is based on the Technology pathways report [5],
while the heat production efficiency is the authors’ assumption. It is set rather low, due
to there being rather few waste incineration plants, which produce electricity and heat.

Geothermal

The Other RES category in Figure 1 includes solar thermal and geothermal. The
geothermal is included in the district heating supply mix via absorption heat pumps, and
the annual heating production is presented in Table 13.

Table 13: District heating from Geothermal (TWh)

2015 2050

. COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Page | 1€
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Geothermal DH 16 56 40 38 36
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3 Replicating the Electricity sector

This chapter describes how the electricity sector of the EC scenarios is replicated in
EnergyPLAN. Firstly, the different demands for electricity are identified. Secondly, the
power generation technologies are identified, together with their capacity and efficiency.

3.1 Demands

When modelling in EnergyPLAN, the electricity demand that is put into the model is the
main parameter that decides how and when electricity is produced. Therefore, accurately
replicating this part of the EC scenarios in EnergyPLAN is very important.

In EnergyPLAN, the following electricity demands are needed as inputs:

= Regular electricity demand, including:

- Residential and tertiary sector demands, excluding electricity for heating,
cooling? and flexible demand.

- Transmission and distribution losses. In EnergyPLAN, these will only be
treated separately, if they are added as an additional demand. Else it is
assumed that electricity demands are stated in ex-work thus including
transmission and distribution grid losses.

= Electricity demand for heating and cooling.
= Flexible electricity demand.
= Electricity demand for transportation.

=  Grid-supplied electricity demand for the industry sector.

Furthermore, electricity demands for electrolysis are included in EnergyPLAN. These are
obtained as an output from the model based on the demand for hydrogen from electrolysis.
Therefore, the demand for electrolysis is also needed as input.

Since the EC data from the PRIMES model is not conveyed in these exact categories,
replicating the electricity demands requires using a combination of the data in EC
background report [2]. Note that the numbers behind all figures in [2] are presented as
tables in the “Supplementary information” report [ 7]. The following sub-sections describe
how the different electricity demands were replicated.

2 Cooling is described in the EC background report [2], however there is no mentioning of cooling being
included in the EC scenarios.
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3.1.1 Total final electricity demand for each scenario

Figure 20 in the EC background report [2] presents the final energy consumption by
energy carrier in all scenarios of the report. The figure is reproduced as Figure 5, below.
The light-blue fraction of the bars in the lower panel is the electricity share of the total
final energy demand. The upper panel depicts the total final demand in units of Mtoe. The
table in the top of the figure presents the numbers behind the charts.

Figure 20: Share of energy carriers in final energy consumption

solids fossil liquids e-liquids natural gas e-gas hydrogen  heat distributed hiomass ather RES electricity  total

2000 63 490 0 268 0 0 45 43 1 217 1132

2015 19 430 0 237 0 0 46 84 3 237 1086

2030 38 368 0 235 0 0 49 106 7 261 1064
Baseline 10 228 0 155 0 6 411 78 14 349 831
EE 1 112 0 77 0 8 31 109 11 323 672
CIRC 1 111 0 73 0 9 41 138 13 352 738
ELEC 1 115 0 72 0 10 42 112 12 415 779
2050  H2 2 116 0 55 0 133 38 111 13 341 809
P2X 3 107 54 58 85 15 38 115 14 342 831
COMBO 3 91 19 29 49 42 36 109 11 355 744
1.5TECH 1 35 11 15 45 68 32 94 10 343 684
1.5LIFE 1 38 20 13 41 61 31 106 10 307 628

1200

1000

M Final energy demand
N N
00 - Il B [ -

100%
90%
80%

Mtoe

electricity
M other RES
biomass

7o W heat distributed
60% _— hydrogen
50% | e | B | e-gas
_
40% _— M natural gas
30% _— - = — | | - e-liquids
20% M fossil liquids
— M solids

10% . —

0% - .

2000 2015 2030  Baseline EE CIRC ELEC H2 P2X COMBO 1.5TECH 1.5LIFE

2050

Figure 5: Final energy consumption by energy carrier as a share of the total final energy demand in all EC
scenarios. (Figure 20 in [2]).

These numbers are converted to TWh as used by EnergyPLAN, and are presented in Table
14, which shows the final electricity demand in the replicated scenarios.

Table 14 Final electricity demand in the replicated scenarios (TWh)

2015 2950 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Final electricity demand 2,756 4,059 4,129 3,989 3,570

Before these electricity demands can be modelled in EnergyPLAN, the setup of the model
requires these are separated into the categories mentioned previously and that
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transmission and distribution losses are added as explained in Section 1.1.1, below.
However, before separating the final electricity demand between the different sectors, it
is necessary to first identify the total final energy demand of each sector. This was done
using Figures 9, 19, 42, 57 and 69 in [2]. This process is described in Section 3.1.2, below.

3.1.2 Separating the total final energy demand into sectoral demands

Figure 6, below represents Figure 9 in [2]. It shows the total final energy demand of the
four mentioned sectors in the Baseline scenario.

Figure 9: Final Energy demand by sector

2010 2015 2020 2025 2030 2035 2040 2045 2050
Industry 291 276 294 284 258 255 253 233 254
Residential 320 276 293 265 224 202 195 197 192
Tertiary 189 176 188 175 151 143 la4 153 156
Transport 364 358 359 341 321 302 290 282 280
1200
1000
800
§ 600 M Transport
= | Tertiary
400 ) -
Residential
0
2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 6: Final energy demand by sector

Table 15 Final energy demand in the 2015 Reference and 2050 Baseline scenario
(TWh/year) shows the sectoral and total final energy demands of the replicated 2015
Reference and 2050 Baseline scenario identified by converting the numbers in Figure 6.

Table 15 Final energy demand in the 2015 Reference and 2050 Baseline scenario (TWh/year)

Sector 2015 2050

Reference Baseline
Industry 3,210 2,954
Residential 3,210 2,233
Tertiary 2,047 1,814
Transport 4,164 3,256
Total 12,630 10,258

In order to identify the final energy demands for each sector in the remaining scenarios,
Figure 19 in [2] is used. This figure shows the changes in sectoral final energy
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consumption as a percentage difference from 2005 historic values to the modelled 2050
scenarios.

Figure 19: Changes in sectoral final energy consumption (% change vs 2005)

Services Industry  Transport Residential Total
2030 -18% -22% -13% -28%  -20%

Baseline -15% -23% -24% -38%  -26%

EE -30% -35% -43% -50%  -44%

CIRC -25% -33% -43% -46%  -38%

ELEC -22% -23% -42% -46%  -35%
2050 H2 -20% -24% -38% -A41% -32%

P2X -21% -25% -31% -41% -30%

COMBO -28% -31% -38% -50%  -38%

1.5TECH -36% -33% -45% -54% -43%

1.5LIFE -39% -41% -50% -57% -47%

2030 2050
Baseline  EE CIRC  ELEC H2 P2X COMBO 1.5TECH 1.5LIFE
0%
< -10% .
8 -20% t 5 m Services
'5 305 & s ; y @ Industry
© . ® * * 4 Transport
5 0% . . N : . * ¥ @ Residential
g . o o t & Total
© 50% .
o . &
-60%

Figure 7: Final energy consumption by energy carrier as a share of the total final energy demand in all EC
scenarios. (Figure 20 in [2]).

In order to convert the percentages of the figure to units of energy, the 2005 historic final
energy demands of each sector have to be found. This can be done by either: A)
Calculating back from the 2050 Baseline final energy demand, which was already
identified in Table 15 or B) By looking up historic values from Eurostat [6]. To replicate
the EC scenarios as accurately and self-consistently as possible, method A is chosen.

However, the values derived from this method are also compared with the historic values
from EUROSTAT.

For each sector, the values of the 2050 Baseline (Table 15) are divided with the
corresponding percentage reductions compared to 2005 (Figure 7) using the following
formula:
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2050 Baseline demandector
(1 + % change from 2005.c107-)

2005 Baseline demandgecror = Equation 1

From this calculation, the sectoral demands are identified for 2005. See Table 16, below:

Table 16: Sectoral final energy demands in 2005, based on Figures 9 and 19 from [2] (TWh/year).

Sectors 2005 demands

from EC
Industry 3,836
Residential 3,602
Tertiary 2,134
Transport 4,285
Total 13,857

In order to check the accuracy of the 2005 sectoral final energy demands identified above,
these are compared to the historic values documented by EUROSTAT in their annually
published Energy Balances spreadsheet, which is available from [6]. This comparison
shows that the total final energy demand fits very well, with 13.86 PWh based on the EC
scenarios and 13.87 PWh in EUROSTAT EU Energy Balances.

Once the 2005 sectoral final energy demands are identified, the sectoral demands of the
remaining 2050 scenarios can be found, using the percentages of Figure 7. The resulting
sectoral final energy demands of the 2050 scenarios are presented in Table 17, together
with the previously identified demands of the 2050 Baseline and the 2015 Reference
scenarios.

Table 17: Sectoral final energy demand in the replicated scenarios, based on Figures 9 and 19 from [2] (TWh/vear).

Sector 2015 2950 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Industry 3,210 2,954 2,647 2,570 2,263

Residential 3,210 2,233 1,801 1,657 1,549

Tertiary 2,047 1,814 1,537 1,366 1,302

Transport 4,164 3,256 2,657 2,357 2,142

Total 12,630 10,258 8,641 7,950 7,257
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3.1.3 Identifying sectoral final electricity demands
Services and Residential sector

The final electricity demands of the Services and the Residential sectors are identified,
using Figure 42 in [2] ( below). It shows the share of electricity in the final energy demand
in these two sectors.

Figure 42: Share of electricity in final energy demand buildings
Services  Residential

2015 49% 25%
2030 64% 39%
Baseline 79% 54%
EE 78% B61%
CIRC 20% 60%
ELEC 83% 68%
2050 H2 79% 54%
P2X 78% 53%
COMBO 81% 63%
1.5TECH 20% 64%
1.5LIFE 79% 64%
100%
80% m s = B m s B | ]
L]
60% . [ ] o [ ] ] 9
| ¢ ¢ ¢ M Services
40% ®
20% ® ® Residential
0%
L o @ w 18] ] o~ > (] I w
pany e £ '-” = s z o ] =
S =2 3 S = £ =2 3
b o wn i
o o —

2050

Figure 8: Final energy consumption by energy carrier as a share of the total final energy demand in all EC
scenarios. (Figure 20 in [2]).

Multiplying the values in Table 17 with the corresponding percentages in Figure 8 above

results in the final electricity demands in the Services and Residential sector listed in
Table 18.

Table 18: Final electricity demand of the Services and Residential sectors, based on figures 9, 19 and 42 in [2]
(TWh/year)
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Sector 2015 2950 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Services 1,003 1,433 1,245 1,093 1,029

Residential 802 1,206 1,134 1,060 991

Transport sector

The final electricity demand of the transport sector is identified using Figure 57 in [2]
(Figure 9 below). It presents the fuels consumed in the transport sector in all the EC
scenarios. Here, electricity is presented as a fuel consumed, and this is considered the
final electricity demand for transport.

Figure 57: Fuels consumed in the transport sector in 2050

Mtoe
oil products e-iquids  liquid biofuel natural gas biogas e-gas hydrogen electricity

2015 3378 0.0 16.4 1.7 041 0.0 00 43
2030 270 0.0 18.1 8.6 03 0.0 04 122
2060 Baseline 2075 0.0 15.7 152 23 0.0 57 34
EE 1059 0.0 393 09 0.3 0.0 78 529

CIRC 1034 0.0 486 1.0 0.6 0.0 8s 454

ELEC 106.7 0.0 - 0.8 03 0.0 102 55.8

H2 102.8 0.0 T4 34 16 0.0 481 35.0

F2X 935 M43 241 104 74 16.3 9.1 36.5

COMBO 801 19.0 M6 7.0 6.9 119 19.8 46.6

1.5TECH 257 407 282 42 6.0 122 N7 1.9

1.5LIFE 287 19.6 445 25 35 7.6 281 484

400
350 electricity

300 hydrogen

-_—
250
- e-gas
200
| M biogas
150 = = = -
100 = | M natural gas
50 I I I I I liquid biofuel
o - N

e-liquids
Baseline EE CIRC  ELEC H2 P2X COMBOLSTECHL.SLIFE

Mtoe

M oil products
2015 2030 2050

Figure 9: Fuels consumed in the transport sector. Final electricity demand for transport is expressed by the light-
blue fraction of the bars. (Figure 57 in [2]).

Using this data, the following final electricity demands of the transport sector are
identified in Table 19.
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Table 19: Final electricity demand of the Transport sector. (TWh)
2015 2050
Sector ] COMBO 1.5 TECH 1.5 LIFE
Reference Baseline
Transport 56 365 542 604 563

With the final electricity demands of the first three sectors identified, the only remaining
sector is the industry sector. Section 3.1.4 presents how the electricity demand of this
sector is identified.

3.1.4 Identifying the final electricity demand of the industry sector

This sub-section explains, how the EC background report [2] documents the final
electricity demand of the industrial sector. Two slightly different demands are presented
in [2], and based on a discussion of the two presented demands, a decision is made
regarding which particular demand is considered to be the correct one to use in the
replication of the EC scenarios.

= The first demand derives directly from the information that has been collected
so far in this chapter. Since the total final electricity demand has been identified
together with the sectoral final electricity demands of three sectors, it seems
reasonable to assume, that subtracting the demand of the first three sectors from
the total demand would result in the exact demand of the only remaining sector:
the industrial sector.

= The second demand derives from a specific sentence in the report. On page 155,
the EC background report [2] mentions:

“The scenario with the highest electricity demand in industry in PRIMES is
1.5TECH. Electricity demand for industrial sectors (including refineries), as
well as for the production of hydrogen and e-fuels consumed by all sectors,
reach 4808 TWh, of which 1344 TWh is final electricity demand in industry,
not related to hydrogen or e-fuel production.

With the information that the industrial final electricity demand in the 1.5 TECH
scenario is 1,344 TWh, it is possible to find out the demands of the remaining
scenarios using Figure 69 in [2] (Figure 10 below). This shows the differences in
final energy consumption in industry compared to the 2050 Baseline by energy
carrier in Mtoe.
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Figure 69: Differences in final energy consumption in industry compared to Baseline in 2050
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Figure 10: Differences in final energy consumption per energy carrier in industry compared to Baseline 2050
(Mtoe). (Figure 69 in [2]).

Knowing that the final electricity demand in the 1.5 TECH scenario is 1,344 TWh, the
demand of the 2050 Baseline scenario must be 1,344 TWh minus the difference between
the Baseline 2050 and the 1.5 TECH scenario; i.e. 1,344 TWh minus 184 TWh (15.8

Mtoe) which equals 1,160 TWh.

With the industrial final electricity demand of the 2050 Baseline scenario identified, the
demand of the remaining 2050 scenarios can be found using their differences compared
to the 2050 Baseline as presented by Figure 10 (Figure 69 in [2]). However, here the
demand in the 2015 Reference scenario is not included. If using this demand, then the
historic demand of the industry sector as documented by EUROSTAT could be applied.

The two different industrial final electricity demands presented in [2], which have been
described in the points above, are presented in Table 20.

Table 20: Overview of the two different industrial final electricity demands inferred from [2] for each of the
replicated scenarios (TWh)

2015 2950 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline
The first demand 895 1,055 1,207 1,232 988
(remaining)

Innovation Fund Denmark
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The second demand

1,008 1,160 1,317 1,344 1,092
(from text)

In the table above it is clear, that it is not possible to consistently establish the electricity
demand of the industrial sector from the EC background report [2]. An explanation could
be the found in the fact that (Figure 20 in [2]) presents the final electricity demand in
Mtoe in whole numbers. When converting these numbers to TWh, this can lead to a
margin of error of more than 10 TWh (0.5 Mtoe to 1.49 Mtoe). Furthermore, multiplying
these numbers with shares in various figures, also without any decimals, inevitably cause
differences that factor into the differences seen in Table 20.

Of the two different demands that may be inferred from the EC background report [2],
only one is selected for the replication in EnergyPLAN. However, since both demands
are identified from [2], there is no obvious “correct” demand to replicate. Nonetheless, a
choice must be made.

Since there have been identified some inconsistencies between the figures regarding
industry, it is decided to go with the wording in the report, i.e. the second demand
described above.

3.1.5 Final electricity demand of all sectors

Based on the descriptions above, the Table 21 sums up the final electricity demand of
each sector.

Table 21: Breakdown of the sectoral final electricity demands. (TWh)

2015 2950 COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Services 1,003 1,433 1,245 1,093 1,029
Residential 802 1,206 1,134 1,060 991
Transport 56 365 542 604 563
Industry 1,008 1,160 1,317 1,344 1,092
Total FED 2,869 4,165 4,239 4,101 3,674
calculated

Considering the structure of EnergyPLAN, the demands of the Transport and Industry
sectors are ready to be inputted to the model. However, as previously explained,
EnergyPLAN requires that electricity for heating and flexible demand is subtracted from
the regular electricity demand of the Household and Tertiary sectors. Therefore, the
following two sub sections describe how this is accounted for.
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3.1.6 Flexible electricity demand (1 day)

The EC background report [2] does not mention specifically, whether the PRIMES model
includes any flexible electricity demand. However, it describes in detail a future, where
smart buildings can “effectively adapt operation to the needs of the occupants, while
ensuring optimal energy performances and being able to interact with energy grids” ([2]
p. 96). Therefore, it is decided to include flexible demands in the replicated scenarios.

Since there is no way of knowing exactly how much flexible demand is included in the
EC scenarios, it is decided to use data from the JRC-EU-TIMES model [8], which was
also used for the modelling in the Heat Roadmap 4 project [9]. This model is somewhat
similar to the PRIMES model, as it models the future European energy system in a yearly
time resolution based on partial equilibrium modelling.

Based on the authors’ previous work with the JRC-EU-TIMES and on the knowledge of
the replicated scenarios from EC, the following assumptions are made regarding flexible
electricity demand in the replicated scenarios (see Table 22).

Table 22: Share of flexible demand assumed for the replicated scenarios, based on the authors' previous experience
from the JRC-EU-TIMES model

2015 2950 COMBO 1.5 TECH 1.5 LIFE
Reference  Baseline

Share'o.f conventional 0% 10% 10% 12% 13%
electricity demand
TWh 0 225 198 214 222
Max power for flexible
electricity demand (1 day) 0 24.96 20.64 21.97 23.25
(GW)

In EnergyPL AN, flexible electricity is modelled using two main characteristics. The share
that may be shifted according to dispatch requirements within a number of time periods
and the maximum power of the shifted demand. In this case, we only include flexible
loads that may be allocated within the 24 hours of the day. Secondly, a maximum power
is applied. This is to ensure that all flexible load cannot simply be moved from 23 hours
to one single hour.

As neither the flexible energy demand nor the maximum capacity for this demand is
provided in [2], these values are identified using EnergyPLAN. This is achieved by
combining the EU28 domestic electricity demand with the estimated flexible demands in
Table 22 in EnergyPLAN as sole inputs. The tool can then calculate the maximum
capacity for flexible demands, which is subsequently used in the scenarios.
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3.1.7 Electricity for heating
The electricity demand for heating is identified in Section 2.1.3 and presented in Table 8.

Having identified how much the flexible electricity demand and the electricity demand
for heating is of the total electricity demand, the only remaining electricity demand to
identify in the replication of the EC scenarios is the electricity demand from electrolysis.

3.1.8 Electricity demand for electrolysis

In the most ambitious decarbonisation scenarios, fossil fuels are replaced by biofuels and
electrofuels. Between the two, the production of electrofuels as e-gas and e-liquids
requires vast amounts of electricity.

Figure 30: Consumption of e-gas by sector in 2050

Power Industry Residential & services Transport
P2X 6 30 39 16
COMBO 1 17 20 12
1.5TECH 0 11 22 12
1.5LIFE 0 12 21 8

100

» [l

2 60
E M Transport
a0 Il = — P
Residential & services
20 M Industry
. - . W Power
0
P2X COMBO 1.5TECH 1.5LIFE

Figure 11: Consumption of e-gas by sector in the three decarbonised PRIMES scenarios. (Figure 30 in [2]).

The e-gas (methane) is used as a supplement or replacement for natural gas across all
energy sectors as shown in Figure 3.11. This e-gas is produced through the process of
methanation, where molecules of carbon are combined with molecules of hydrogen to
form methane in the following reaction:

CO, +4H, —» CH, + 2H,0 Equation 2

The carbon comes from carbon capture, whilst hydrogen comes from the electrolysis. The
balance between the two is dictated by the stoichiometry of the chemical reaction. The
overall process efficiency is ~50% from electricity to methane, with most of the electricity
demand coming from electrolysis. The energy demands are presented in Table 24.
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Table 23: Energy demands for e-gas production
COMBO 1.5TECH 1.5 LIFE
e-gas demand (TWh) 580 520 450
CO2 (Mt) 0.10 0.09 0.07
Hydrogen (TWh) 630 570 490
Electricity for electrolysis (TWh) 990 890 760

In the case of e-liquids, the EC background report [2] does not clarify which types of
liquid fuels are used in the scenarios. Since in the case of aviation it is clear that a jet fuel
type is used, in the case of the other types of transport the report does not mention which
e-fuels are used. These can be methanol, DME, diesel, gasoline or other blends, making
it more difficult to define the energy efficiency of the pathways. Like in the case of e-gas
production, [2] neither mentions what type of electrolysis is used in the process of
producing these fuels; hence some assumptions have to be made in this sense.

EnergyPLAN requires the user to input the fuel pathway efficiency, hydrogen and carbon
demands. In the case of e-liquids the energy balances for methanol are used, the simplest
liquid fuel often proposed for the transport sector. To better simulate the variety of end-
fuels that can be produced, additional losses are considered: 20% for jet fuel production
and 14% for the road/sea transport fuels. These losses are not covered by the EC
background report [2], making it difficult to estimate a production efficiency considering
the variety of end-fuels covered by the “e-liquids”. In the case of road transport fuels, the
production is more straight-forward, and it involves a well-known process called MTG
(methanol-to-gasoline), for which the efficiency is estimated in [10]. Jet fuels require
other processing stages as Fischer-Tropsch synthesis and upgrading, all of which are all
known large-scale refining processes, but which have not been combined and
demonstrated together with non-fossil feedstocks. The 20% losses have been extrapolated
from the available literature [11,12].

For the electrolysis, an efficiency of 64.2% is considered for both e-gas and e-liquid
production, which is based on the efficiency of alkaline electrolysis used in [13], onto
which additional 5% losses for storage are added. The energy demands of the pathway
are presented in Table 25.

Table 24: Energy demands for e-fuel production

COMBO 1.5TECH 1.5 LIFE
e-liquid demand (TWh) 220 470 230
e-liquid demand with losses (TWh) 260 570 270
CO2 (Mt) 0.06 0.14 0.07
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Hydrogen (TWh) 290 660 310
Electricity for electrolysis (TWh) 460 1,020 480

Table 26 presents the total electricity demand of electrolysis for P2G and P2L:

Table 25: Total electricity demand from electrolysis for e-fuel production. (TWh)

2015 2050

. COMBO 1.5 TECH 1.5 LIFE
Reference Baseline

Electricity demand

for Electrolysis 0 0 1,450 1,910 1,240

3.1.9 Summary of all electricity demands

Table 27 summarises all the electricity demands that are identified in the previous sub-
sections.

Table 26: Summary of all the electricity demands that have been identified in this chapter. (PWh).

2015 2050 COMBO 1.5TECH 1.5LIFE
Reference Baseline

Fixed electricity demand (household 1,563 2,115 1,915 1,687 1,579
and tertiary sector, excluding
heating and flexible demand)
Electricity for heating 242 289 251 236 204
Flexible electricity demand (1 day) 0 235 213 230 236
Industry 1,008 1,160 1,317 1,344 1,092
Transport 56 365 542 604 563
Electrolysis 0 0 1,450 1,910 1,240
Total 2,869 4,165 5,689 6,011 4914

(=¥& Innovation Fund Denmark
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3.2 Power generation capacity and efficiencies

This section describes how the power generation technologies that are included in the EC
scenarios are replicated in EnergyPLAN, including how the capacities and efficiencies of
the different technologies are identified.

Figure 24: Power generation capacity

GwW Wind onshore  Wind offshore Solar COther renewables Nuclear  Fossil fuels Fossil fuel (CCS) BECCS
2000 127 0.0 0.2 150.0 136.6 3814 0.0 0.0
2015 1304 110 947 196.1 1220 4306 0.0 0.0
2030 2629 384 3205 197.7 96.5 302.7 0.0 0.0
Baseline 4409 1429 4415 2096 86.8 2542 11 0.0
EE 4573 2225 4926 2111 99.3 166.4 0.0 11
CIRC 501.4 253.0 5438 2174 106.7 2002 10 13
ELEC 560.2 3046 683.0 2266 1129 2435 03 19
2050 H2 6353 362.2 8039 2258 1141 166.4 0.4 11
P2X 753.2 4233 9664 2440 116.9 161.1 42 13
COMBO 6849 3736 5284 235.2 116.9 160.1 11 32
1.5TECH 758.7 4514 10298 2448 1213 118.2 16.7 491
1.5LIFE 6938 3961 7698 237.2 1148 1191 25 26
0 BMEBECCS
2500 - = — = - Fossil fuel (ccs)
2000 [ ] - [ ]} - W Fossil fuels
2 o0 m W W Muclear
rooo - — - - . . Ifot::r renewables
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7
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Figure 12: Power generation capacities of the technologies included in each scenario. (Figure 24 in [2]). (GW)

Figure 12 shows the power generation capacities of most of the technologies that are used
in the different scenarios. However, since some of the categories presented in the figure
are aggregations of several technologies, it is necessary to disaggregate these categories
using other figures in the report. Furthermore, the efficiencies of the different
technologies are presented in a separate report also published by the European
Commission, called “Technology Pathways in decarbonisation scenarios” [5]. However,
due to the aggregation in some of the categories in the Figure 3.12, using the provided
technology data also entails making assumptions. Therefore, to explain how both the
capacities and the efficiencies of each technology is identified, the following sub-sections
separately deal with the following technology groups:

= Section 3.2.1: Renewable energy sources, including
- Onshore wind
- Offshore wind
- Photovoltaics
- Dammed hydro and biomass

- Geothermal
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= Section 3.2.2: Thermal power production technologies, including
- Nuclear power plants
- Condensing power plants
- Cogeneration plants
= Section 3.2.3: Electricity storage
- Pumped hydro

- Batteries

3.2.1 Renewable energy sources
Wind and PV

Figure 12 provides the capacities for the variable renewable energy sources, i.e. Onshore
wind, Offshore wind and photovoltaics. The following capacities are identified for these
technologies from that figure (See Table 29).

Table 27 Capacities of On- and Offshore wind and PV, from figure 24 in [2]. (GW). Note that the table includes
more decimals than the figure above. This is because some additional numbers were provided from the EC upon
request, which included slightly more detailed numbers.

Technology 2015 2950 COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Onshore Wind 130.416 440.867 684.883 758.727 693.834

Offshore Wind 11.066 142.859 373.629 451.383 396.142

Photovoltaic 94.864 441.490 828.420 1,029.767 769.768

The power output of these technologies is determined by their capacity factors, i.e. the
ratio between the actual annual production and annual production if operating at full
capacity. Since PRIMES and EnergyPLAN simulate different temporal resolutions, i.e.
PRIMES in yearly intervals and EnergyPLAN in hourly intervals, the hourly time series
used in EnergyPLAN determine, whether the VRES technologies above generate the
same power in the two tools.

The time series representative for onshore and offshore wind capacity factors have been
modelled using the Global Renewable Energy Atlas (REatlas) from Aarhus University
[14]. The capacity layout corresponding to 2015 is considered, that is, it is assumed that in
2050 the ratios (but not necessarily the installed capacities) among European countries
would be similar to what they are to- day. To model onshore wind time series, the current
turbines are substituted by Gamesa G128 turbines, whose rated power is 5 MW, at a hub
height of 80 m. To model offshore wind time series, the current turbines are substituted
by Vestas V164 turbines, whose rated power is 8 MW, at a hub height of 100 m. In both
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cases, a Gaussian smoothing with 6=2.5m/s is applied. Wind velocity data corresponding
to 2015 has been used. The modelled annually-averaged capacity factor is 0.32 for
onshore wind and 0.54 for offshore wind.

For 2050, the Baseline scenario in the EC background report [2] assumes a cumulative
installed capacity of 440.9 GW and 142.9 for onshore and offshore wind respectively (See
Figure 12). Calculating the capacity-weighted average capacity factor with the modelled
time series, we obtain an annual wind capacity factor of 0.374. This is in very good
agreement with the annual wind capacity factor used in [2] and estimated by dividing the
electricity produced by wind in the Baseline scenario (Figure 8 in [2]) and the installed
capacity, that is, 0.374.

For solar photovoltaics (PV), the time series representative for Europe in 2050 is
calculated as the average of the time series for southern countries (Portugal, Spain, Italy,
Bulgaria, Croatia, Cyprus, Malta). This represents both installations in southern countries
and those in the sunny areas of northern countries. Calculating the average capacity factor
with the modelled time series, we obtain an annual solar capacity factor of 0.165. This is
in very good agreement with the annual solar capacity factor used in the EU Commission
report and that can be estimated by dividing the electricity produced by solar PV by wind
in the Baseline scenario (Figure 8 in [2]) and the installed capacity (Figure 12), that is,
0.166.

Dammed hydro and biomass

As mentioned above, some of the categories in Figure 12 require disaggregation to
identify the capacity of the technologies. One of these categories is the one called “Other
Renewables”. On page 78 in [2] it is stated, that the Other Renewables category covers
“mostly hydro and biomass”.

Since the EC background report [2] does not provide any account of the split between
dammed hydro and biomass power plants, the historic capacity of dammed hydro from
EUROSTAT [6] is assumed as the capacity in 2015. With this assumption, the dammed
hydro capacity can be subtracted from the Other Renewables capacity, in order to provide
the capacity of Biomass power plants.

Having found the capacities of Dammed hydro and biomass power plants for the 2015
Reference scenario, some other assumptions are needed in order to find the capacities of
the 2050 scenarios. Also on page 78 in [2] it is stated that the biomass capacity is 60 GW
in 2030, and that it “either stabilises (in EE) or grows very moderately - up to 83 GW
(P2X)”. Based on this sentence, and considering the total capacity of the Other
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Renewables group in each scenario, it is assumed that the Biomass power plant capacity
is 56 GW in the 2050 Baseline scenario, 80 GW in the COMBO scenario, 82 GW in the
1.5 TECH scenario and 81 GW in the 1.5 LIFE scenario. Subtracting these values from
the total capacity of the Other Renewables category leads to the following capacities for
Dammed Hydro and Biomass power plants, see Table 30.

Table 28: Disaggregation of the Other Renewables category in Figure 3.12. Note that Biomass PP includes
renewable waste, biogas and other bioenergy. (GW)

2015 2050

Technology Referance Bacoline COMBO 1.5TECH 1.5 LIFE
Dammed 152 154 155 163 156
hydro

Biomass PP 44 56 80 82 81

The efficiency of dammed hydro is assumed to be 95%, based on the Danish Energy
Agency’s Technology Data Catalogue on Energy Storage [15]. The efficiency of biomass
power plants is described in Section 3.2.2.

Geothermal

Figure 12 illustrates some geothermal power production in the 2050 Baseline scenario.
However, this is the only place in the report, where geothermal power production is
mentioned. Most likely, the power producing capacity of geothermal is included in the
Other Renewables category of Figure 12, however, since the electricity production from
this technology comprises only 0.4% of the gross electricity production in Baseline 2050,
it was decided to omit this technology from the mix in all scenarios.

3.2.2 Thermal power production
Nuclear Power Plants

Figure 12 illustrates the power generation capacity of Nuclear power plants in the EC
scenarios. The capacities are presented in Table 31. The table also shows the assumed
efficiency of nuclear power plants. The Technology Pathways report [5] states, that the
efficiency of nuclear power plants is 38% from the year 2020 until 2050. However, with
this efficiency, power production and PES do not add up in the 2050 Baseline scenarios,
which, as stated previously, is the only 2050 scenario for which we know the power
production split between the power generating technologies. Therefore, the efficiency
was adjusted to 38.6% to make both PES and power production fit with PRIMES. The
technology Pathways report does not include an efficiency for the year 2015, but by
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dividing the gross electricity production by the final energy demand for nuclear (Figures
8 and 7 in [2] respectively) it was possible to identify the efficiency of 33.4%.

Furthermore, [5] also states, that Nuclear has a capacity factor of 0.85 from the year 2020
to 2050. However, the time series used in EnergyPLAN have a capacity factor of 0.83.
Therefore, the correction factor is adjusted to make the electricity production fit with
PRIMES in the 2050 baseline, and then to make the PES fit in the remaining 2050
scenarios. The resulting correction factors used are presented in Table 31. More details
of how the correction factor is used can be found in the EnergyPLAN Model
Documentation Version 15 [16].

Table 29: Power generation capacity, efficiency, and correction factor for Nuclear power plants in each of the
replicated scenarios.

2015 2950 COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Nuclear
capacity (GW) 122.0 86.8 116.9 121.3 114.8
Nuclear . . . . o
efficiency 33.4% 38.6% 38.6% 38.6% 38.6%
Nuclear
Correction 0.97 1.09 1.04 1.08 1.01
Factor

Condensing Power Plants

The power generation capacities of condensing power plants are presented in Figure 12 n
certain groups; the groups are:

= Power plants running on bioenergy (identified above from the Other renewables
category)

= Power plants running on fossil fuels

= Power plants running of fossil fuels with CCS

= Powerplants running on bioenergy with CCS
The structure of the EnergyPLAN tool requires, that all power plants are aggregated when
put into the model. Therefore, Table 32 presents the aggregated capacity of the power

plants together with the efficiency and the minimum power plant operation, which are
described below the table.
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Table 30: Power generation capacity, efficiency, and minimum operation capacity of fossil fuelled power plants

2015 2950 COMBO 1.5TECH 1.5LIFE
Reference Baseline

Total Condensing
power plant capacity 480.1 310.9 2444 266.0 205.2
(GW)
Condensing power
plant electric 39% 55% 49% 43% 50%
efficiency
Minimum power
plant operation 0.00 0.83 3.22 49.35 3.08
(GW)

The efficiency of the power plants is based on the Technology Pathways report, which
includes technology data for several power plant technologies. The efficiency of the
power plants is adjusted to match the level of CCS. Thus, since there is much more CCS
in the 1.5 TECH scenario (see Table 50), the efficiency of the power plants is lower than
in the other scenarios.

In EnergyPLAN, there is an option of setting a fixed minimum capacity of power plants,
that is forced to operated constantly. This option is used in the replicated 2050 scenarios.
The selected minimum power plant operation is set at 75% of the capacity of power plants
that have CCS. It is assumed, that most of these plants need to work constantly, since
otherwise the investments into CCS cannot be used or explained.

Cogeneration Plants

The EC background report [2] mentions, that CHP plants are included in the EC scenarios.
However, there is no presentation of the actual capacity of this technology. Therefore it
is assumed that the CHP plants generate approximately 40% of the total district heating
energy, and based on this assumption, the capacity of CHP plants are adjusted to the levels
presented in Table 33.

Table 31: Assumed Combined Heat and Power plant capacities, including power and heat efficiencies.

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

CHP Electric Capacity

38 30 30 25 20
(GwW)
CHP Electric efficiency 35% 40% 40% 40% 40%
CHP Thermal Efficiency 40% 45% 45% 45% 45%
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The efficiency of the CHP plants are assumed based on the authors best knowledge and
backed up by the Danish Energy Agency’s Technology data catalogue on Energy Plants
for Generation of Electricity and District Heating [17].

3.2.3 Electricity storage

Figure 13 below, presents the different types of electricity storages that are included in
the EC scenarios, as well as their annual usage in TWh.

Figure 26: Electricity storage in 2050

Pumped hydro Batteries Hydrogen e-gas

2030 37 34 0 0
Baseline 56 119 0 0
EE 73 151 77 0
CIRC 74 171 74 0
ELEC 76 198 65 0
H2 46 126 185 0
P2X 60 160 166 60
COMBO 60 145 95 1
1.5TECH 48 128 105 0
1.5LIFE 44 113 88 0

500

400 -

HWe-gas
< 300 Hydrogen
E 200 I I M Batteries

Pumped hydro

~_alllglRis
||

0
2030 Baseline EE CIRC ELEC H2 P2X COMBO 1.5TECH 1.5LIFE

Figure 13: Annual usage of the different storages in each scenario. (Figure 26 in [2])

Furthermore, Figure 14 presents the charge/discharge capacity of the storages in GW.
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Figure 27: Electricity storage and new fuel production capacities (2050)
Pumped hydro Batteries Hydrogen PtG  PtL

2015 47
2030 51 29 2 0 0
Baseline 59 139 18 0 0
EE 64 109 57 0 0
CIRC 66 124 56 0 0
ELEC 70 178 64 0 0
H2 54 97 341 0 0
P2X 56 91 454 142 79
COMBO 58 99 352 76 28
1.5TECH 51 69 511 80 59
1.5LIFE 53 54 403 71 29
500
400
300
=
© 200
100
. - I 1 1 I i || I 11 a1
~ ~ Q © w = = Y
3 s I -

Pumped hydro B Batteries Hydrogen  HPtG PtL
Figure 14: Charge/discharge capacities of the different storage technologies in each scenario. (Figure 27 in [2]).

The following two sub-sections describe the Pumped Hydro and Battery storages. Figure
13 and Figure 14 present Hydrogen, PtG and PtL as electricity storages. However, in this
documentation report, these technologies are described elsewhere (see Section 6.2 for
hydrogen and Section 3.1.8 for PtG and PtL).

Pumped Hydro

EnergyPLAN requires, that an energy storage capacity is provided. However, since [2]
does not provide such a capacity, but only provides the annual usage and charge/discharge
capacities, some assumptions are required.

As a rule of thumb, it is assumed that it takes 8 hours to fully charge the pumped hydro
storages®. Therefore, by multiplying the charge/discharge capacity with 8, the energy
storage capacity of the pumped hydro is identified. This capacity, together with the

3 The assumption of 8 hours to fully charge/discharge the pumped hydro storages was confirmed by a
representative of the EC in an e-mail correspondence dated October 1% 2019.
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charge/discharge capacity identified from Figure 3.14 and the efficiency are presented in
Table 34.

Table 32: Energy storage capacity, charge/discharge capacity and efficiency of pumped hydro in the replicated
scenarios. Note that the annual usage in 2015 is not provided in Figure 3.13, however, this value is mentioned in the
text surrounding the figure in [2].

2015 2050

' COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Pumped hydro
wh 0.38 0.47 0.46 0.41 0.42
Pumped hydro 47.46 58.99 57.86 51.35 52.85
capacity (GW)
Pumped hydro 80% 80% 80% 80% 80%

efficiency

The round-trip efficiency of 80% is assumed based on the Danish Energy Agency’s
Technology Data Catalogue on Energy Storage [15].

Batteries

To identify the energy storage capacity of batteries, the same methodology is applied as
for the pumped hydro, also assuming a charge/discharge time of 8 hours*. The resulting
energy storage capacity is presented in Table 35, together with the charge/discharge
capacity presented in Figure 3.14 and the efficiency, which is based on [15].

Table 33: Energy storage capacity, charge/discharge capacity and efficiency of batteries in the replicated scenarios.

2015 205.0 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Batteries (TWh) 0.00 1.11 0.79 0.55 0.43
Batteries (GW) 0.00 139.12 98.64 68.68 54.31
Battery efficiency 98% 98% 98% 98% 98%

(%)

4 The assumption of 8 hours to fully charge/discharge the batteries was confirmed by a representative of
the EC in an e-mail correspondence dated October 1% 2019.
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4 Replicating the Transport sector

This chapter describes how the transport sector of the EC scenarios is replicated in
EnergyPLAN.

In EnergyPLAN, the transportation demand is determined by the amount of fuel used and
the assumed efficiency of the vehicles, expressed in km/kwh. Therefore, this chapter
describes, how the fuels consumed in the EC scenarios are identified. First, the
consumption of liquid and gas fuels is identified. Secondly, the consumption of electricity
for transportation is identified, also distinguishing between the fraction going to Dump
charge and the fraction going to Smart charge.

4.1 Liquid and gas fuel consumption

Figure 9 presented previously shows the fuels consumed in the transport sector in the EC
scenarios. This includes fuels for all modes of transport, including aviation, navigation,
light road transport and heavy-duty road transport.

The EC background report does not provide a separation of the fuel demands for each
mode of transport. However, it does provide the fuel consumption in aviation,
consumption of hydrogen for transportation, as well as the consumption of gas for
transportation. Therefore, the next subsection describes the fuel consumption in aviation
and Section 4.1.2 describes the consumption of hydrogen for transportation, Section 4.1.3
describes the consumption of gas for transportation, while Section 4.1.4 describes the fuel
consumption in all other transport modes.

4.1.1 Fuel for aviation

In EnergyPLAN, fuel for aviation is denoted as “jet fuel”. Furthermore, in EnergyPLAN
jet fuel can be based on fossil fuel, biofuel or electrofuel. Therefore, in order to replicate
the fuel consumption in aviation, the fuel mix for jet fuel is required.

Figure 4.2 presents the fuels that are used for aviation in the EC scenarios.
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Figure 52: Aviation fuels mix in the Baseline and scenarios reaching -80% to net zero emissions by 2050 in 2050

Mtos
jetfusls eliguids  Figuid biofuel  electricity
2015 633 0.0 (i1} 0.0
2030 57.3 0.0 (i1} 0.0
2050  Baseline fia.2 0.0 18 0.0
EE 466 0.0 127 0.5
CIRC 462 0.0 15.1 0.1
ELEC 468 0.0 127 0.5
HZ 475 0.0 124 0.0
P2X 458 8.5 51 0.0
COMBO 446 33 18 04
1.5TECH 738 103 137 12
1.5LFE 724 5.0 730 0.3
0
(-]
50 electricity
40
% liquid biofuel
30
e-liquids
I I M jet fuels
Bassline EE CIRC P2E COMBOLSTECH 1.5LIFE
2015 2030 2050

Figure 15: Aviation fuel mix in the EC scenarios (Figure 52 in [2])

Note, that the “jet fuels” category is assumed to be fossil-based, “biofuels” are represented
by the Fischer-Tropsch fuels and “e-liquids™ correspond to the Electrofuel category in
EnergyPLAN. Thereby, Figure 15 provides the necessary numbers to model the fuel
consumption in aviation in EnergyPLAN and the numbers are converted to TWh in Table
36, which shows the jet fuel mix in the replicated scenarios.

Table 34: JP (Jet fuel) in the replicated scenarios (TWh)

Refzeortsnce Bazsoesli(:Ie COMBO 1.5TECH 1.5 LIFE
Fossil 620 735 519 278 261
Biofuel 0 21 138 159 268
Electrofuel 0 0 38 230 58
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Figure 15 also provides the electricity consumption in aviation. However, EnergyPLAN
does not include this as an option directly. Therefore, the electricity used for aviation is
added to electricity for transportation, which is described in Section 4.2.

4.1.2 Hydrogen consumption for transportation

The consumption of hydrogen for transportation is presented in Figure 9. This
consumption is converted to TWh and presented in Table 37.

Table 35: Hydrogen consumption for transportation in the replicated scenarios (TWh)

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Hydrogen for

. 0 66 230 369 327
transportation

4.1.3 Gas consumption for transportation

Gas consumption for transportation is included in Figure 9, and consists of the natural
gas, e-gas and biogas categories. The sum of these is converted to TWh and presented in
Table 38.

Table 36: Gas consumption in the replicated scenarios. Includes natural gas, e-gas and biogas (TWh)

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Gas

. 21 204 300 261 158
consumption

4.1.4 Remaining fuel consumption for transportation

In order to identify the remaining fuel consumption for transportation, the liquid fuels
consumed in aviation (Table 36) are subtracted from the total consumption of liquid fuels
(Figure 9). The resulting fuel consumption used for transportation in the replicated
scenarios is presented in Table 39.

Table 37: Remaining fuels used for transportation in the replicated scenarios. (TWh).

Refzt:)r::?\ce Bazs(f;i(:\e COMBO 1.5TECH 1.5 LIFE
Fossil 3,309 1,678 413 21 85
Biofuel 191 162 264 169 250
Electrofuel 0 0 183 243 170
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4.2 Electricity for transportation

The EC background report [2] states, that battery electric vehicles (BEV) cover
approximately 80% of the transport demands for cars, vans, busses and coaches in all the
decarbonisation scenarios. A significant part of the other means of transport as rail, inland
navigation and aviation are also converted towards electricity. The EC report describes
in a detailed way the shares and demand changes for all means of transport, but it is very
general in terms of explaining the final demands per type of vehicles. Furthermore, it does
not explain whether the electrified demands are flexible, can participate in the grid
stabilisation process or include any V2G (Vehicle-to-grid) capabilities.

EnergyPLAN provides the option to split demands in dump (regular) charge, smart
charge, or smart charge with V2G. The smart charge allows the battery electric
powertrains to charge outside the peak hours or in times of high renewable electricity
production. Not the least, the smart charge with V2G can contribute to supplying
electricity to the grid, working as dispatchable energy storage. This type of differentiation
between BEVs is not mentioned in the report, but it was reported as accounted for in the
scenarios”.

The total electricity used for transport is presented in Figure 9 for all the replicated
scenarios. This electricity is then split in dump charge and smart charge (including V2G)
and presented in Table 40.

Table 38: Electricity for transport. (TWh)

2015 205.0 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Electrified 55.8 365.2 542.0 603.6 562.9
transport
Dump charge 55.8 135.1 165.1 174.0 165.4
Smart charge 0 230.1 376.3 429.6 397.5

To determine the demands between the two types of charging, several assumptions are
made. To start with, it is assumed that non-road transport, such as rail, inland navigation
and aviation, can only operate as dump charge, due to their specific operational schedule,
while the remaining demands (road transport) were assumed to operate as smart charge.

3 This was explained by a representative of the European Commission in an e-mail correspondence dated
March 29" 2019.
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Deviations from this assumption can exist, but due to the lack of data, this approach is
used across the scenarios.

The dump charge for non-road transportation is calculated using the Mpkm (million
person-kilometres) and Gtkm (giga tonne-kilometres) from the EU Reference Scenario
for the year 2015 [18], onto which the demand increases from the EC report were added
(Figure 16, Figure 17). Combined with average vehicle demand data from [19], the total
dump charge demand was replicated, while the remaining demand is considered smart
charge and smart charge with V2G. The V2G charging capacity is estimated to be 5% of
the total charging capacity, as in [19].
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Figure 45: Passenger transport activity in the Baseline (average growth rates per year) and in the -80% to net zero scenarios (% changes to the Baseline in 2050)
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Figure 16: Passenger transport growth rates from 2015 Reference to 2050 scenarios. (Figure 45 in [2]).

Figure 46: Inland freight transport activity in the Baseline (average growth rates per year) and in the scenarios reaching -80% to net zero emissiens by 2050 (% changes to the Baseline in 2050)
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Figure 17 Freight transport growth rates from the 2015 Reference to 2050 scenarios. (Figure 46 in [2]).
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5 Replicating the Industry sector

This chapter describes how the industrial sector of the EC scenarios was replicated in
EnergyPLAN.

5.1 Fuels used in industry and refineries

To model the industry and refineries sectors, EnergyPLAN requires that the fuels used
within these industries to be provided, including:

= Coal

= Oil

= Natural gas
= Biomass

= Hydrogen

Furthermore, these sectors have an electricity demand. Section 3.1.3, above, describes
how this is identified.

The industrial sector is challenging to replicate, since the data presented in [2] are not
very detailed. Therefore, several assumptions are required. For most fuels, it is possible
to identify the consumption for the 2050 scenarios. However, for the 2015 Reference
scenario, no practical way has been identified to accurately replicate the fuel consumption
from the EC report. Therefore, the 2015 Reference is based on historical data from
EUROSTAT, presented in [6]. This is described in more detail in the following sub-
sections, which deal with the fuels mentioned above individually.

Due to the way EnergyPLAN works and the way the 2015 EUROSTAT data is structured,
but also for the correctness of the results, the fuel consumption from agriculture, fisheries,
forestry and other sectors not accounted elsewhere is included with the 2015 industry
consumption.

5.1.1 Coal

Figure 5.1 shows the gross inland consumption of fuels in the EC scenarios. The upper
panel shows the total gross inland consumption in Gtoe, while the lower panel shows the
individual fuels’ share of the total gross inland consumption.
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Figure 18: Gross inland consumption

non-energy use (oil) non-energy use (other) solids fossil liquids ~ natural gas nuclear  e-liquids e-gas renewables total (Mtoe)

2000 5.6% 0.9% 18.9% 32.7% 22.0% 14.1% 0.0% 0.0% 5.7% 1728

2015 5.1% 0.8% 17.0% 29.3% 21.1% 13.6% 0.0% 0.0% 13.0% 1628

2030 7.3% 1.4% 9.5% 25.0% 19.6% 11.8% 0.0% 0.0% 25.4% 1395
Baseline 8.9% 1.7% 21% 20.2% 19.0% 12.2% 0.0% 0.0% 36.0% 1255
EE 11.3% 2.1% 0.2% 12.5% 8.8% 14.6% 0.0% 0.0% 50.5% 983
CIRC 9.5% 1.8% 0.1% 11.5% 8.2% 15.3% 0.0% 0.0% 53.7% 1056
ELEC 9.7% 1.8% 0.1% 10.9% 9.1% 15.4% 0.0% 0.0% 53.0% 1154
2050 H2 9.1% 1.7% 0.4% 10.4% 8.1% 15.8% 0.0% 0.0% 54.5% 1222
P2X 7.5% 1.4% 0.3% 8.1% 7.4% 13.7% 3.7% 6.2% 51.7% 1475
COmMBO 9.0% 1.7% 0.4% 8.1% 4.4% 15.9% 1.5% 4.0% 55.0% 1239
1.5TECH 7.1% 1.2% 0.2% 3.1% 3.7% 16.6% 3.2% 3.5% 61.4% 1285
1.5LIFE 8.0% 1.4% 0.1% 4.0% 2.5% 17.1% 1.8% 3.8% 61.2% 1099
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Figure 18: Gross inland consumption in the EC scenarios. (Figure 18 in [2])

The category named “solids” in Figure 18 is assumed to represent mainly coal but also
other products as peat or non-renewable waste consumption. With this assumption, the
figure shows that while there is significant use of coal in 2015, it represents less than
0.5% in the 2050 scenarios. This is due to coal being phased-out in the electricity and
heating sectors, only leaving some consumption in the industrial sector (see e.g. page 41
in [2], which discusses phase out of coal). Therefore, the only remaining coal
consumption is assumed to come from the industrial sector and refineries in the replicated
scenarios.

The share of coal consumption in Figure 18 is converted to TWh and presented in Table
41, which also shows the industrial coal consumption in 2015, which is based on [6].

Table 39 Coal consumption in the industrial sector. (TWh).

2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Coal 357 306 58 30 13

5.1.2 Oil

The oil consumption in the industrial sector in the 2015 Reference scenario is based on
[6]. The oil consumption in the 2050 scenarios is identified by subtracting the fossil fuels
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used in transportation and the oil for individual heating from the gross inland
consumption of oil (). The resulting oil consumption in the industrial sector and refineries
in the replicated scenarios is presented in Table 42.

Table 40 Oil consumption in the industrial sector. (TWh).

2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
oil 878 528 230 159 161

5.1.3 Gas

The gas consumption in the industrial sector in the 2015 Reference scenario is based on
[6], while the consumption in the 2050 scenarios is based on Figure 19, Figure 20 and
Figure 21, which show the consumption of natural gas, biogas and e-gas, respectively, by
sector in the EC scenarios. Additionally, the gas consumption from refineries is added as
described in the EC scenarios and found in Table 43. The demands for these gasses are
converted to TWh and added together in Table 44.

Figure 28: Consumption of natural gas by sector

Non-energy Power Industry Residential & services Transport Other energy
2015 14 98 86 148 3 10
2030 18 81 65 117 10 0
Baseline 20 80 64 75 16 4
EE 20 6 38 38 1 4
CIRC 18 10 33 39 1 3
ELEC 20 30 39 31 1 3
2050 H2 20 41 19 32 4 3
P2X 20 54 23 25 11 -3
COMBO 20 24 10 11 7 0
1.5TECH 15 31 4 7 1
1.5LIFE 15 13 4 7 3 1
400
350 —
300 —
350 — H Other energy
@ 200 M Transport
g 150 Residential & services
100 M Industry
B Power
B Non-energy

2015
2030

o 8
e [l
e IV
cec I
o B
o I
comso [}l
-
ssure Il

Baseline

Figure 19: Consumption of natural gas by sector in the EC scenarios. (Figure 28 in [2]).
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Figure 29: Consumption of biogas and gas from waste by sector

Power & heat Industry  Residential & services Transport
2015 13 0 2 0
2030 24 6 0 0
Baseline 28 5 0 2
EE 26 12 8 0
CIRC 34 20 17 1
ELEC 37 14 7 0
2050 H2 39 12 2
P2X 39 20 13 7
COMBO 38 15 9 7
1.5TECH 48 10 7 6
1.5LIFE 31 12 7 4
90
80
70 o
60
. 50 M Transport
2 40 Residential & services
= 30

M Industry

10 W Power & heat

ER-R-
2015 [
2030 [
- I
acc I
»
oo I
covzo [N B
wstecq [ B

Baseline
CIRC

2050

Figure 20: Consumption of biogas and gas from waste by sector in the EC scenarios. (Figure 29 in [2]).

Figure 30: Consumption of e-gas by sector in 2050

Power Industry Residential & services Transport
P2X 6 30 39 16
COMBO 1 17 20 12
1.5TECH 0 11 22 12
1.5LIFE 0 12 21 8
100
o
] 60
= M Transport
w0 ]
- . Residential & services
20 M Industry
0 I = 7
P2X COMBO 1.5TECH 1.5LIFE

Figure 21: Consumption of e-gas by sector in 2050. (Figure 30 in [2])
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Table 41: Differences in final energy consumption in Refineries compared to Baseline 2050 by fuel and scenario
(Mtoe)

Figure 151: Differences in final energy consumption in Refineries compared to Baseline in 2050 by fuel and scenario

ELEC H2 P2X EE CIRC COMBO 1.5TECH 1.5 LIFE94 1.5LIFE  LIFElowbio
Egas 0.0 0.0 03 0.0 0.0 0.1 0.1 0.2 0.1 0.1
Hydrogen 00 15 16 00 0.0 13 1.6 1.6 15 1.4
Electricity 189 -03 02 -04 8.6 0.3 1.1 0.2 0.1 0.8
Biomass 0.4 0.3 0.3 0.4 0.3 0.2 0.2 0.2 0.2 0.0
Reduced Demand 6.0 131 125 120 4.8 12.1 145 15.7 15.9 14.9
Natural Gas (incl. coal gas) 45 -3.7 42 37 4.7 -5.1 -5.5 -5.6 -5.5 -5.5
Steam 25 -06 -03 2.5 2.4 2.5 19 1.7 1.7 19
Salids 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fossil Based Liquids -10.4 -10.2 -10.0 -10.8 -10.7 -11.4 -14.0 -14.0 -13.8 -13.5
Other (solar, geothernal) 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 42 Gas consumption in the industrial sector. (TWh).

2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Gas 1,152 872 499 297 331

5.1.4 Biomass

The biomass consumption in the 2015 Reference scenario is based on [6], while the
consumption in the 2050 scenarios are based on Figure 22 and Table 43, which show the
use of bioenergy by sector in the EC scenarios. The resulting biomass consumption in the
industrial sector in the replicated scenarios is presented in Table 45.
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Figure 83: Use of bioenergy by sectors and by scenario in 2050

2015 2020 Baseline ELEC H2 P2X EE CIRC COMBO 1STECH  1S5LIFEa  1SLIFE 15LIFE-LB
Power 49 62 89 105 106 121 79 93 115 155 120 100 126
Industry 26 33 43 47 47 52 45 52 41 35 35 35 11
Road Transport 16 21 14 25 24 24 24 31 27 18 22 22 12
Air Transport 0 0 2 13 13 5 13 15 12 14 23 23 8
Service & Agriculture 6 7 6 11 10 12 11 14 11 10 10 10 7
Residential 41 44 12 14 15 21 14 23 16 14 13 13 2
Other 1 1 3 4 5 5 5 5 5 5 6 5 4

—
—
o W
200 - - B
—
-
o —_ - —
2 150 —
£ —
100
50
0
2015 Baseline ELEC H2 CIRC COMBO  15TECH 15UFE  15LIFE-LB

WPower Mindustry M Road Transport M Air Transport M Service & Agriculture ™ Residential M Other
Figure 22: Use of bioenergy by sector and by scenario in the EC scenarios. (Figure 83 in [2]).

Table 43 Biomass consumption in the industrial sector. (TWh).

2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Biomass 278 512 491 422 421

5.1.5 Hydrogen

Figure 23 shows the hydrogen consumption by sector in the EC scenarios in industry
whilst Table 44 was used to extract the biomass consumption in refineries. The numbers
for the industrial sector are converted to TWh and presented in Table 46.
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Figure 32: Consumption of hydrogen by sector in 2050

Power sector (storage) Industry  Residential & services Transport
Baseline 0 0 0 [
EE 7 0 0 8
CIRC 6 0 0 9
ELEC 6 0 0 10
H2 13 48 37 48
P2X 12 5 0 9
COMBO 8 15 7 20
1.5TECH 9 29 7 32
1.5LIFE 8 26 7 28
160
140
120 I
v 100 W Transport
§ 80 Residential & services
60 . . W industry
40 - B Power sector (storage)
20
, e N BN N E . . ol
Baseline EE CIRC ELEC H2 P2X COMBO 1.5TECH 1.5LIFE
Figure 23: Hydrogen consumption in the EC scenarios. (Figure 32 in [2]).
Table 44 Hydrogen consumption in the industrial sector. (TWh).
2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Hydrogen 0 0 73 92 91
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6 Carbon fuels

This chapter describes how biogas production and CCS (carbon capture and storage) is
accounted for in the replication of the EC scenarios in EnergyPLAN.

6.1 Biogas production

Figure 24 shows the total consumption of gas by type in the EC scenarios. In the figure,
biogas and waste gas are combined. Since no way of separating the two gases is identified
from the EC background report [2], the biogas and waste gas category is assumed to be

only biogas.
Figure 31: Total gas consumption per gas type
natural gas biogas and waste gas e-gas
2015 358 16 0
2030 292 31 0
Baseline 258 36 0
EE 107 47 0
CIRC 104.2 71 0
ELEC 126 58 0
2050 H2 120 57 0
P2X 130 80 a1
COMBO 74 69 50
1.5TECH 63 72 45
1.5LIFE 42 54 41

400
350

300
250
200 e-gas
1 M biogas and waste gas
1
I I I M natural gas
0
o

[} =
== ™~
o

Mtoe
[V = I |
[ o R s |

Ine
CIRC
ELEC

2015
2030
Basel
COMBO
1.5TECH
1.5LIFE

2050

Figure 24: Gas consumption per gas type in the EC scenarios. (Figure 31 in [2])

The biogas production is converted to TWh and presented in Table 47, together with the
related electricity consumption shares, which are based on [13].
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Table 45 Biogas production in the replicated scenarios (TWh)

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Electricity consumption
(% of output)

Biogas production 186 419 803 837 628

0.7% 1.6% 3.1% 3.2% 2.4%

6.2 Electrolysers

Figure 13 presented in Section 3.2.3 shows the electricity storage and new fuel production
capacities in the EC scenarios. From the figure, the Hydrogen category is assumed to
represent the capacity of electrolysers producing the hydrogen. Thus, this capacity in
presented in Table 48.

The efficiency for the electrolysers is 64%, as is explained in Section 3.1.8. This
represents the efficiency of alkaline electrolysis, one of the mature technologies on the
market and with good potential for future energy applications [13]. Ref [2] does not
explain what type of electrolysis is used in the scenarios, thus alkaline was considered as
the most representative for this purpose.

The EC report does not provide an energy storage capacity for hydrogen storage.
Therefore, this capacity is assumed in the same manner as the batteries and pumped
hydro; i.e. assuming it takes 8 hours to fully charge/discharge the storage, with the
electrolyser capacity provided in Figure 3.14. The resulting hydrogen storage capacity is
presented in Table 48.

Table 46 Electrolysers and hydrogen storage in the replicated scenarios

2015 2050

. COMBO 1.5TECH 1.5 LIFE
Reference Baseline

Electrolyser capacity

0 18 352 511 403
(GW)
:E;e)ctrolyser efficiency 0% 64% 64% 64% 64%
(1)
Hydrogen storage
(TWh) 0.000 0.144 2.528 3.824 2.968

In EnergyPLAN, the hydrogen storage modelled to be available for the transportation
sector only, due to the assumption that hydrogen for heating is blended with natural gas.
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6.3 Carbon capture

The decarbonised EC scenarios include carbon capture and storage (CCS). Table 49,
based on the EC background report [2], shows an overview of CO; emitted and captured
in the different scenarios.

Table 47: Sectoral emission levels and percentage change in total numbers

Table 9: Sectoral emissions levels and percentage change in total emissions

| Baseline  ELEC H2 P2X EE CIRC COMBO L5TECH L15LFE  1.5LIFE-LB
2030 (MtCO.eq)
Total GHG excl. LULUCF 3108 3101 3096 3105 3115 3105 3109 3091 3067 3060
Reduction vs 1930 -46% -36%  -46%  -46%  -46% -46% -46% -46% -47% -47%
Total GHG incl. LULUCF 2856 2849 2834 2842 28BS 28B2 2846 2780 2716 2710
Reduction vs 1990 -48% -48% -48% -48% -4B% -48% -48% -49% -51% -51%
2050 (MtCDzeq)
Total GHG excl. LULUCF 2214 1054 1050 1051 1004 976 868 343 4849 494
Reduction vs 1990 -62% -82% -B2% -B2% -B3% -B3% -85% -94% -92% -91%
Total GHG incl. LULUCF 1978 816 806 788 763 684 620 26 25 23
Reduction vs 1990 -64% -85% -B5% -BE% -B6% -BE% -89% -100% -100% -100%
ETS GHGs emissions 772 343 362 385 301 275 297 -50 123 137
Reduction vs 2005 -69% -86% -BB% -B5% -BB% -B9% -88% -102% -95% -95%
Non-ETS GHG emissions 1442 706 B87 665 702 700 571 393 366 358
Reduction vs 2005 -459% -75% -76% -77% -75%  -75% -80% -86% -B87% -87%
€02 emissions 1604 717 712 713 666 638 531 5 203 208
Residential 130 49 56 45 60 BE 19 12 11 13
Transport 667 328 317 309 325 317 257 86 95 50
Tertiary 78 40 34 30 44 43 2 19 19 19
Industry 484 231 205 217 225 192 176 29 53 39
Power 245 69 99 113 13 20 56 -141 24 47
Mon 002 610 337 337 337 337 337 337 337 286 286
Agriculture 404 277 277 277 277 277 277 277 230 230
Waste 80 32 32 32 32 2 2 2 29 29
Carbon captured 5 ] 63 449 B5 52 239 606 281 385
From Biomass 0 5 & 114 4 5 95 276 g4 122
From Direct Air Capture 0 0 0 254 0 0 E] 210 123 186
Carbon used 5 ] 63 449 B5 52 239 606 281 385
Geological Storoge 5 65 63 77 65 52 67 258 B0 92
Synthetic fuels 0 ] 0 372 0 0 172 227 154 226
Synthetic Materials 0 ] ] 0 0 0 o 20 47 67
LULUCF -236 -238 -244 -263 -241 -292 -248 -317 -464 -472
Sink without carbon price -236 -238  -244  -263 -241 -292 -248 -247 -329 -340
Enhancement with carbon price 0 ] ] 0 0 0 o -70 -135 -132
Cumulative CO, emissions (GtC0,)
2018 - 2050 71 60 60 61 59 58 58 49 43 43
2018 - 2070 98 61 61 62 61 58 57 41 39 39
2018 - 2100 136 57 56 57 57 53 45 28 24 23

The category “Carbon captured” shows the total captured CO., while the sub-categories
“From Biomass” and “From Direct Air Capture” show how much is captured from these
sources. The difference between the total CCS and the sum of the two sub-categories is
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assumed to be from power plants. These values for CCS are converted to GtCOeq to fit
with EnergyPLAN and presented in Table 50.

Table 48 Carbon capture in the replicated scenarios (GT)

2015 2050 COMBO 1.5TECH 1.5 LIFE
Reference Baseline
Total CCS 0 0.005 0.239 0.606 0.281
From gas power plants 0.000 0.005 0.061 0.120 0.074
From Biomass, BECCS 0.000 0.000 0.095 0.276 0.084
Direct air capture 0.000 0.000 0.083 0.210 0.123
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7 Comparison of the outputs

The chapters above describe how the various input data has been identified for replicating
the EC scenarios in EnergyPLAN, originally modelled in PRIMES. To assess the
accuracy of the replication, this chapter compares the EnergyPLAN and the PRIMES
outputs across a series of relevant parameters, including:

- Primary energy supply
- Electricity production

- Carbon emissions
7.1 Primary energy supply

Figure 25 shows primary energy supply (PES) of the EC scenarios modelled in PRIMES
and EnergyPLAN. In terms of PES, the EnergyPLAN scenarios replicate the PRIMES
outputs very accurately, both regarding the total PES as well as the individual fuels used.
In the 2015 Reference and the 2050 Baseline, EnergyPLAN has marginally lower PES
than PRIMES, 1.5% and 2.4% respectively, while in the remaining scenarios,
EnergyPLAN has marginally higher PES than PRIMES. The scenario with the largest
difference is the COMBO scenario, where EnergyPLAN has 3.2% higher PES. In 1.5
TECH and 1.5 LIFE, the differences are 1.2% and 2.9% respectively.

20,00
. 1500 — J%0 I
© , 2,58
L
g 10,00 I I I
178 1,78
& 500 !
220 220 948 248
] , , ,19 1
0,00 M M aw s 6762 é?£
PRIMES EP PRIMES EP PRIMES EP PRIMES EP PRIMES EP
2015 Reference 2050 Baseline COMBO 1.5 TECH 1.5 LIFE
H Coal B N.Gas H Oil Nuclear H Renewables and biomass

Figure 25: Primary Energy Supply comparison between PRIMES and EnergyPLAN
7.2 Electricity production
7.2.1 Total electricity production

In terms of total electricity production, the EnergyPLAN scenarios vary in accuracy.
While COMBO, 1.5 TECH and 1.5 LIFE scenarios show less than 1% difference, the
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2015 Reference and the 2050 Baseline show a difference of 7% and 4% respectively, with
the original PRIMES scenarios having a higher electricity production than the
EnergyPLAN versions. See Figure 26.

9,00
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7,00

6,00
5,00
4,00
3,00
2,0

1,0

0,00

PRIMES EP PRIMES EP PRIMES EP PRIMES EP PRIMES EP

PWh/Year

o

o

2015 Reference 2050 Baseline COMBO 1.5 TECH 1.5 LIFE

Figure 26: Total electricity production comparison between PRIMES and EnergyPLAN.

Although the accuracy of the 2015 Reference and the 2050 Baseline scenarios is not as
high as in the other scenarios, these two scenarios are documented in higher detail than
the remaining ones in the EC background report [2]. Therefore, the electricity production
mix can be compared in more detail for these two scenarios. This helps to explain the
differences. Figure 27 shows that the electricity production from Wind, Solar, Hydro, and
Nuclear is identical in both models for both scenarios. However, there are differences in
the production from thermal plants using Fossil fuels and Biomass & Waste. In the 2015
Reference, EnergyPLAN uses marginally less coal, natural gas and biomass, but more
oil, compared to PRIMES, while in the 2050 Baseline scenario, EnergyPLAN uses
slightly less of all four fuels. The reason for this small mismatch can be due to differences
in the model applied. EnergyPLAN operates in hourly simulation, resulting in different
fuel consumptions, while PRIMES operate with a higher spatial detail level meaning it
can account for bottlenecks. Finally, assumptions regarding grid losses, fixed operation
of power plants and other small differences that are difficult to account for in the process
of replication can result in uncertainties. However, the assumptions used in this document
allow for a close representation for all scenarios.
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Figure 27: Electricity production by source, comparison between PRIMES and EnergyPLAN.
7.2.2 Critical Excess Electricity Production

One of the major differences between PRIMES and EnergyPLAN is the temporal
resolutions. PRIMES has a resolution of five-year time slices, while EnergyPLAN has an
hourly resolution. The hourly resolution renders the possibility of capturing details in the
hourly dynamics of the energy system, which the five-year time slice model does not.
One of these details is the critical excess electricity production (CEEP). THE CEEP is the
total amount of electricity the energy system cannot make use of that may be exported, if
export is in place, or otherwise curtailed. While there is no mentioning of CEEP or
curtailment in the EC background report [2], the EnergyPLAN scenarios show that there
are in fact several hours where there is an overproduction of electricity or CEEP. Figure
28 shows that CEEP occurs in all 2050 scenarios, ranging from 1% of the total electricity
production in the 2050 Baseline to almost 10% in the 1.5 LIFE scenario. The absence of
CEEP in the EC background report may also relate to some of the assumption behind the
models, where EnergyPLAN is operated as a closed system without any imports and
exports, while PRIMES considers that the excess electricity may just be exported.
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Figure 28: CEEP in the scenarios modelled in EnergyPLAN.
7.3 Carbon emissions

Figure 29 is a comparison between the CO; emissions from the EC scenarios modelled in
PRIMES and EnergyPLAN. The figure includes emissions from the power, industry,
transportation, tertiary and residential sectors as well as carbon capture, while it omits
emissions from non-CO> Agriculture, Non-CO, Other and LULUCF (Figure 91 in [2]).

1800
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-
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2050 Baseline COMBO 1.5 TECH 1.5 LIFE

Figure 29: Net CO: emissions comparison between PRIMES and EnergyPLAN.

The CO> emissions vary between the two models with EnergyPLAN having less
emissions in all scenarios. Although the aim is to replicate the EC scenarios as accurately
as possible in EnergyPLAN, some discrepancies are expected, when it comes to CO»
emissions. For example, the way in which the carbon capture and utilization (CCU)
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technologies are modelled varies between the models, leading to different levels of carbon
capture, with EnergyPLAN having more carbon capture than PRIMES in all scenarios.
Also, some discrepancy must be anticipated due to the hourly modelling in EnergyPLAN
versus the five-year time slices in PRIMES. Furthermore, since the fuel production
pathways are not documented in detail in the EC background report [2], assumptions have
to be made in EnergyPLAN, which are not necessarily accurate.
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8 Cost assumptions

This chapter describes and documents the cost data used for replicating the EC scenarios
in EnergyPLAN. Furthermore, it compares the total costs of the EC scenarios, as found
by PRIMES and EnergyPLAN. Finally, the chapter describes some of the challenges and
limitations of replicating the costs of the EC scenarios in EnergyPLAN.

8.1.1 Technology cost data

The EC scenarios apply costs described in the Technology Pathways report [5]. This
report contains technology data and costs for most relevant technologies, but not all.
However, in several cases, the data is ill-fitted to be used in EnergyPLAN, due to the
specific setup of the model. For most technologies, the report [5] includes an array of cost
levels, ranging from Low, Medium, High, and Very High. For some technologies, the
report [5] also includes geographically determined efficiencies of technologies, e.g.
domestic heat pumps in Southern countries, Middle south countries, Middle northern
countries, and Northern countries. However, the EC background report [2] does not
explain which of these technologies are used in PRIMES, nor how they are used. Because
of this limitation, such costs must be estimated, based on the authors’ best available
knowledge.

As arule of thumb, the technology costs applied in the replication of the EC scenarios are
based on the Technology Cost Database developed in the Sustainable Energy Planning
Research Group at Aalborg University [20]. The database is based mainly on cost data
from the Danish Energy Agency’s technology data catalogues, which are available from
[21], and a few other acknowledged sources. All costs have been validated against their
counterparts in [5], to ensure that they are reasonably similar and not significantly
different. The interest rate used is 10%, which is the same as is used in PRIMES, as stated
in footnote 458 on page 207 in [2].

8.1.2 Comparing the costs of PRIMES and EnergyPLLAN

This section compares the costs of the EC scenarios found by PRIMES and EnergyPLAN.
Since the setup of the two models differs in terms of how they account for the various
costs of the energy system, and since the technology data is not exactly the same, some
discrepancy between the total energy system costs of the two models is expected. The
following sections elaborate on some of the discrepancies and describes a few challenges
and limitations of replicating the costs presented in the EC report [2].
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Figure 30 presents the cost profiles of the EC scenarios modelled in PRIMES and
EnergyPLAN. Overall, the two models provide relatively similar total costs, although
EnergyPLAN has higher costs in all scenarios. The largest difference is found in the 1.5
LIFE scenario, where EnergyPLAN has 11% higher costs than PRIMES. For the 2050
Baseline, the COMBO and the 1.5 TECH scenarios, the differences are 3%, 8% and 2%

respectively.
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Figure 30: Comparison of EC scenario cost profiles modelled in PRIMES and EnergyPLAN

When looking at the individual cost categories, there are several differences. These are
described in the following section.

8.1.3 Challenges in assigning costs to technologies

Due to structural and operational tool differences between PRIMES and EnergyPLAN,
and due to the way the cost data are conveyed in the EC background report [2], some
challenges arise when replicating the costs of the EC scenarios in EnergyPLAN. These
are described below.

The “Not specified” fraction by PRIMES
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The costs of the EC scenarios are presented two places in the EC background report [2].
Figure 31 shows the total energy system costs, while Table 51 shows the annual
investment costs of the scenarios (although it seems there are some obvious investments
missing from this overview, including e.g. investments in wind, PV, and hydro).

Figure 97: Total energy system costs, 2005-2070
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

BL 1282 1468 1553 1814 1990 2105 2149 2185 2219 2247 2288 2277 2313 2368
ELEC 1282 1468 1553 1813 1990 2107 2140 2237 2301 2359 2425 2437 2500 2610
H2 1282 1468 1553 1813 1992 2105 2186 2315 2381 2448 2552 2572 2622 2677
P2 1282 1468 1553 1813 1991 2105 2160 2303 2406 2483 2575 2594 2648 2704
EE 1282 1468 1553 1815 1990 2111 2120 2216 2255 2297 2356 2380 2432 2522
CIRC 1282 1468 1553 1813 1990 2107 2124 2187 2214 2225 2267 2276 2330 2399
COMBO 1282 1468 1553 1814 1992 2109 2153 2291 2381 2453 2499 2517 2547 2590
1.5 TECH 1282 1468 1553 1815 1993 2112 2190 2435 2588 2763 2713 2675 2648 2648
1.5 LIFE 1282 1468 1553 1814 1992 2111 2164 2321 2381 2358 2354 2315 2295 2266

EUR billion 2013
o
=]
b=
S

2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

BL = = =ELEC H2
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Figure 31: Total energy system costs of the EC scenarios modelled in PRIMES. (Figure 97 in [2])
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Table 49: Annual investment costs of the EC scenarios in BEUR, modelled in PRIMES (Table 11 in [2])

k- - —
o E:I n? ! = - 8 o -
T & & = = = = St = = =
25| F = A ~ ~ » = A =
2R = ’ = = =
Supply s | 113 | 133 | 154 | 190 | 184 | 233 | 210 | 246 | 201
Powergrid | 592 | 713 | 807 | 910 | 1103 | 9n1 | 953 | 994 | 1028 | 903
]} pin:
ower 539 | 402 | 505 | 603 | 768 | 866 | 1079 | 936 | 1203 | 939
plants
Boilers 1.7 1.3 1.1 1.8 1.9 1.0 0.6 0.7 0.8 0.6
New
- 0.1 03 | 09 | 09 10 | 55 | 289 | 162 | 219 | 165
CArriers
Demand
exc. trams 281 264 335 285 283 270 271 312 KX} 318
XC. LI 5.
Industry 18.1 1.1 356 13.2 13.6 13.2 13.8 26.3 28.1 223
Residential | 1989 | 199.4 | 2351 | 2116 | 2144 | 1989 | 19801 | 2183 | 2259 | 227.7
Tertiary 643 | 537 | 638 | 603 | 570 | s80 | 595 | 671 | 760 | 67.8
Transport | 685 | 813 | 857 | 837 | 881 | 907 | 843 | 881 | 904 | 847
TOTAL 1081 | 1190 | 1325 | 1276 | 1356 | 1361 | 1347 | 1402 | 1480 | 1366
(TOTAL (396) | (377 | (468) | (430} [ (475) | (454) | (304) | (522) | (378} | (519)
exe, rans,)

Source: PRIMES.

Since no further information is provided, the difference between investment costs and
total energy system costs is illustrated by the “Nof specified” fraction in Figure 30 (black
and white stripes). This fraction is assumed to include fuel costs, fixed and variable O&M

costs, CO2 costs as well as investment costs of individual heating technologies, Wind,
PV and Solar.

The “not specified” fraction in the PRIMES scenarios should therefore be compared to
the sum of the “Fuel, O&M, CO2”, the “HP, EH, Storage” and the “Wind, PV and
Hydro”, i.e. the black, red and light-green fractions of the EnergyPLAN scenarios in
Figure 30. This comparison shows that, although relatively consistent, the “Not
specified” fraction is significantly higher than the EnergyPLAN counterparts in all
scenarios.
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The reason for this could be that PRIMES assumes higher costs for some of the categories,
than those used in EnergyPLAN. Since the technology costs used for both models are
similar, technology cost differences cannot be the reason. The fuel costs could, however,
be the source of some discrepancy. The EnergyPLAN scenarios apply the projected fossil
fuel costs from the Sustainable Development scenario from the International Energy
Agency’s World Energy Outlook 2017 [22]. This is considered a medium price level,
since it is higher than e.g. the historically low prices of 2016, and lower than e.g. the
projected costs of the Current Policies scenario in [22]. Furthermore, the EnergyPLAN
scenarios apply a medium price level for wood pellets, based on [23]. The costs of these
fuel assumptions are presented in Table 52. The EC background report [2] does not state,
which fuel costs are applied in the modelling of the scenarios in PRIMES. To test whether
the fuel costs are the source of this discrepancy, a sensitivity analysis has been performed
using the High cost level. However, this does not significantly change the picture since
there is relatively low fuel consumption in the 2050 scenarios.

This indicates that the “Not specified” fraction includes some other costs, not mentioned
here. However, no further data is available besides the official EC reports.

Table 50: Fuel cost levels (€/GJ). For fossil fuels, the Low price level is the historical price level of 2016, while the
Medium and the High price levels are projected by the International Energy Agency’s World Energy Outlook 2017
[22]. The wood pellet price levels are from [23]. The Medium level is applied when modelling the EC scenarios in

EnergyPLAN.
Price level Crude Qil Natural Gas Coal Wood Pellets
Low (41 S/barrel) 7.6 5.7 2.4 7.7
Medium (64 $/barrel) 12.1 9.3 2.4 9.6
High (136 $/barrel) 25.8 12.3 3.6 11

Cost of heat savings

The costs of heat savings differ significantly between PRIMES and EnergyPLAN,
illustrated by the green fractions of the bars in Figure 30. In all scenarios, EnergyPLAN
has about three times higher heat savings costs than PRIMES. This is because the two
models apply different assumptions regarding heat savings costs. Heat savings are an
output from PRIMES, and the related costs are calculated based on renovation costs
presented in the Technology Pathways report [5]. However, to be able to create new
scenarios with other levels of heat savings in the next phase of the RE-INVEST project,
the heat savings costs used in EnergyPLAN are based on cost data developed in the Heat
Roadmap Europe 4 project [24].

Cost of the transportation sector, power grids and industry
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In the replication of the EC scenarios in EnergyPLAN, the individual costs for the
different modes of transport are not included in the study. Instead, the cost of the entire
transportation sector, which is listed in [2], is added as an additional cost in EnergyPLAN.
This has no implications on the outputs of the replicated models. The transport sector is
modelled and studied in more detail in the next phases of the RE-INVEST project.

The costs of the power grids and the industrial sector are also not modelled in detail in
EnergyPLAN, so their investment costs, which are listed in [2], are also added as
additional cost in EnergyPLAN.
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