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Disclaimer of warranties and limitation of liabilities

This document has been prepared by MEDEAS project partners as an account of work carried out
within the framework of the EC-GA contract no 691287.

Neither Project Coordinator, nor any signatory party of MEDEAS Project Consortium Agreement,

nor any person acting on behalf of any of them:
(a) makes any warranty or representation whatsoever, express or implied,

(i).  with respect to the use of any information, apparatus, method, process, or similar
item disclosed in this document, including merchantability and fitness for a
particular purpose, or

(ii).  that such use does not infringe on or interfere with privately owned rights,
including any party's intellectual property, or

(iii).  that this document is suitable to any particular user's circumstance; or

(b) assumes responsibility for any damages or other liability whatsoever (including any
consequential damages, even if Project Coordinator or any representative of a signatory
party of the MEDEAS Project Consortium Agreement, has been advised of the possibility of
such damages) resulting from your selection or use of this document or any information,

apparatus, method, process, or similar item disclosed in this document.
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Abstract

This document describes the MEDEAS-Europe simulation model. This model is the main object of
deliverable 4.2 of the MEDEAS project. The MEDEAS-Europe model is an integrated energy-
economy-environment assessment model that has been developed with the systems dynamics
methodology. The model, which has been programmed with the Vensim software, uses as input
the results of the simulation of the MEDEAS-World model, with which it is linked. The structure of
both models is similar and consists of 7 modules: Economy, Energy, Infrastructures, Materials,
Land Use, Social and Environmental Impacts Indicators and GHG Emissions. Among the main
novelties of this model with respect to other IAMs are the integration of input-output matrices,
feedback between vaiables of the environmental, economic and energy modules and the
estimation and feedback of the EROI. In particular, the adaptation to the regional European level
includes the representation of trade (at both final goods/services and primary energy level) with
the rest of the worls, as well as a simplified representation of the land-use system.
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Executive summary

The objective of the MEDEAS project is to provide simulation tools that facilitate the design of
energy policies in Europe to achieve a low carbon economy. One of these key tools is the
integrated assestment model (IAM) for Europe, which is the Deliverable 4.2 of the MEDEAS project
described in this document.

The MEDEAS-Europe model is not a completely independent model of the MEDEAS-World model,
because many of the variables that affect Europe are global variables (for example, global oil
resources or the increase in the average temperature of the planet). Therefore, the starting point
of the simulations of the MEDEAS-Europe model will be the data obtained from the simulation of
the MEDEAS-World model for the corresponding scenarios. The MEDEAS-World model was
described in the document corresponding to deliverable 4.1 and it has been taken as reference to
build the European model. Both models have been built with the methodology of systems
dynamics integrating the economic structure through the Input-Output Tables (IOT). The initial
programming of both models has been developed with the Vensim DSS software, but it wiil be
translated to python, in order to provide a model in open-source software.

By default, the simulation model of MEDEAS-Europe is designed to be run in the 1995-2050 time
window, being the year the unit of time, although internally the simulation has a lower sampling
period. Conceptually, the MEDEAS-Europe model is structured in 7 modules:

e Economy and population: the economy of MEDEAS is modelled following a post-Keynesian
approach assuming disequilibrium (i.e. non-clearing markets), demand-led growth and
supply constraints. The economic structure is capture by the integration of I0A (35
industrial sectors and households).

e Energy: this module includes the renewable and non-renewable energy resources
potentials and availability taking into account biophysical and temporal constraints. In
total, 5 final fuels are considered (electricity, heat, solids, gases and liquids) and a diversity
of energy technologies is modelled. A net energy approach has been followed.

e Energy infrastructures represent the infrastructures of power plants to generate electricity
and heat.

e GHG Emissions: this module projects the GHG emissions in the European Union generated
by human activities.

e Materials: estimation of the materials required for the construction and O&M of the

alternative energy infrastructures.
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Land-use: it is a simple model oriented to obtain information to estimate the potential for
biomass and the potential for solar energy.

Social and environmental impacts: this module translates the “biophysical” results of the
simulations into metrics related with social and environmental impacts. The objective of
this module is to contextualize the implications for human societies in terms of well-being

for each simulation.

These modules have been programmed in approximately 100 simulation windows and using more

than 5,000 variables. The modules of economy and energy are the most extensive and reach the

highest degree of disaggregation. The model consists of a modular and flexible structure, where

each module can be expanded/simplified/replaced by another version or submodel, new modules

can be added, etc.

The scope of the model covers all the challenges that were proposed in the project. Some of these

relevant challenges are:

a)
b)
c)
d)
e)
f)

g)
h)

Use of information generated by the MEDEAS-World simulation model.

Integration of Input-Output Matrices (IOT) in the Economy module.

Modeling the commercial relations of Europe through the IOT.

EROI estimation and its feedback.

Socio-economic indicators model implementation.

Supply-demand closures model implementation. The energy shortage determines the
feedback between the energy and the economic module.

The effects of climate change are feedback into energy consumption.

Two standard scenarios have been modelled and implemented. Three other scenarios have

been programmed.

Figure 1 shows the Flow chart of the working mode of the European model. The model has shown

robustness and consistency in the experimental tests carried out. The first results show a behavior

of the European model similar to that obtained in the results of the world model.

F
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Global Scenarios and Hypothesis

MEDEAS World Model

World data projections [scenarios, hypothesis]

Climate change, economy

Imports/Exports | indicators, materials availability
\ and energy availability

Imports/Export

Competition for land J

Economy (IOT)

Energy consumption Energy
required " consumption

&
Population

Energy

Land use .
infrastructures

Europe

Material consumption

CO, emissions

Required materials
for energy systems

Social &

Environmental GHG

Land-use change
CO, emissions

Materials

impacts Emissions

indicators

European data projections [scenarios, hypothesis, policies]

Figure 1. Flow chart representing the working mode of the European model.
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1. Introduction

The main result of this deliverable is a simulation model based on system dynamics that integrates
economic, energy and environmental variables at the European Union level (MEDEAS-Europe).

As in the case of World model, it has been programmed in the Vensim software for this first
version. The simulation model can be read and run with a Model Reader software that is freely
distributable at no cost, licensed by Ventana Systems, Inc.

Conceptually, the model has been divided into 7 submodules: Economy, Energy, Infrastructures,
Materials, Land Use, Social and Environmental Impacts Indicators and Emissions. These
submodules have been programmed in approximately 100 simulation windows and using more
than 5000 variables. The modules of economy and energy are the most extensive and reach the
highest degree of disaggregation. The scope of the model covers all the challenges that were
proposed in the project. Some of these relevant challenges are:

a) Integration of Input-Output Matrices in the Economy sub-model.

b) EROI estimation and feedback.

c) Socio-economic indicators model implementation.

d) Supply-demand closures model implementation. The energy shortage determines the
feedback between the energy and the economic submodule.

e) The effects of climate change are feedback into energy consumption.

f) Two standard scenarios have been modelled and implemented. Three other scenarios have

been programmed.

The model obtained can still be modified and expanded, depending on the availability of new data
or new information, but the current version provides a solid enough basis to serve as a framework

for the European scale model.

Despite the challenges encountered, there are still many limitations and uncertainties. For this
reason, the interpretation of the results must be done with caution. This model is not intended to
predict the future, but rather to guide qualitatively the best options for the energy transition
towards a low-carbon economy. It is a tool to explore strategies, not specific policies, since the
latter are applied at a different (reduced) political scale. Despite these limitations, the qualitative
interpretation of the results, supported by tools such as the sensitivity analysis, allows guiding the
decision making to guide the best possible energy transition.

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555
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2. Methodology
2.1. Integration of MEDEAS-EU with MEDEAS-World

model

2.1.1. General framework

MEDEAS-Europe model has been built for the European Union spatial context. When referring to
European Union, we allude to the European Union-28, which is composed by the following
countries (December 2017): Germany, Austria, Belgium, Bulgaria, Cyprus, Croatia, Denmark,
Slovakia, Slovenia, Spain, Estonia, Finland, France, Greece, Hungary, Ireland, Italy, Latvia, Lithuania,
Luxembourg, Malta, The Netherlands, Poland, Portugal, United Kingdom, Czech Republic,

Romania, and Sweden.

MEDEAS-world and MEDEAS-Europe present differences but are also related. MEDEAS-Europe
model will be conceptually integrated in the World model (for more details about world model,
see Deliverable 4.1), as represented in the next flow chart (Figure 2).

First, the global hypothesis and scenarios considered in WP3 are introduced to the MEDEAS World
model. The results of the World level are the World data projections based on the previous
scenarios and hypothesis. These projections, represented here as vectors, are introduced, along
with data obtained by the World model, into the MEDEAS European model.

At this stage we need to take into account trade and energy exchanges. In order to do so, imports
and exports in economic and energy terms are introduced in the model. In the economy module,
imports and exports are introduced through the Input-Output matrix using, at the same time, four

submatrices.

As shown in the diagram, the climate change module does no longer exist; therefore, we consider
the GHG emissions module instead. The results are the European data projections taking into
consideration the scenarios, hypothesis and the related policies.
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Global Scenarios and Hypothesis

MEDEAS World Model

World data projections [scenarios, hypothesis]

Climate change, economy

Imports/Exports | indicators, materials availability
\ and energy availability

Imports/Export

Competition for land J

Economy (IOT)

Energy consumption Energy
required " consumption

&
Population

Energy

Land use .
infrastructures

Europe

Material consumption

CO, emissions

Required materials
for energy systems

Social &
Environmental

(eIl Materials

Land-use change
CO, emissions

impacts Emissions

indicators

European data projections [scenarios, hypothesis, policies]

Figure 2. Flow chart representing the working mode of the European model.

The European model structure will be mainly based on the world model. Although the deliverable
4.1 gives a detailed description of the general structure of this model, we will explain the main
ideas of each submodule for the European model.

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555

n This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 691287

16



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

MEDEAS European model, whose timeframe is 2050, is conceptually structured as shown in Figure
3, with different interrelated modules (represented by boxes). The main variables connecting the
different modules are also represented by arrows. Hence, the relationships and feedback in
MEDEAS Europe may evolve in the future.

MEDEAS estimates the future “Energy consumption” as a result of confronting the “Final energy
consumption required” from the economy (demand side) and the “Final energy supply availability”
from the energy systems (supply side). Thus, this adjustment runs feedback over variables in all
the modules that eventually have an impact on the economy and energy systems. The feedback-
rich structure of the model creates inputs and outputs to the modules.

Competition for land jl

Economy (IOT)
&

Energy consumption o Energy
required " consumption

Population

»
| o

Energy
infrastructures

Land use

Material consumption

CO, emissions

Required materials
for energy systems

.

-

Social &
Environmental

Materials

Land-use change
CO, emissions

impacts
indicators

Figure 3. Schematic module interactions within MEDEAS-Europe.

Furthermore, we have to consider imports and exports in the economy and energy modules for
the European model. Consequently, “Final energy supply availability” results from the domestic
European resources or from abroad (from the rest of the world as a result of imports). Energy
consumption is disaggregated in different types of renewable (RES) and non-renewable (NR)
energy resources. At the same time, the model computes the Energy Return On Energy
Investment (EROEI), the net energy available after discounting the energy invested in its
generation. This is a novelty in the field of energy modelling, since most models consider EROEI

instead as an exogenous input.
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Input-Output Analysis (I0A) is the core of the Economy module. Throughout the Input Output
Tables (I0T) and an econometric sectoral demand function, sectorial requirements of consumption
and production are going to be estimated. Therefore, Energy consumption is not only expressed
by type of energy, but also by economic sectors. In addition, energy intensities will be forecasted
for each sector and final energy type, according to the technological and economic development.

The land-use module will consider the required land for renewable sources of energy.

Social and environmental impact indicators will also be obtained for each simulation, which could
eventually provide feedback for the economy module. The model takes into account the CO;
emissions. These emissions are the main input for the GHG emissions module. The materials
required for deploying RES and NR technologies will be an important input for the Energy module,
as well. In fact, the model is flexible enough to allow any user to apply the data and trends, as they
prefer.

Although policies are not represented in Figure 2, they will ultimately be relevant for the model.
Policies will provide the framework in which each module develops and let the model run different

scenarios.

Generally, the structure of the variables included in each module will follow a similar outline to the
ones described for the world model in the Deliverable 4.1
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2.1.2. Indicators

In this section, we will go through some indicators related to the world and the European Union,
according to the Figure 1. The main goal is to compare both in a quantitative way in order to
estimate the European Union’s share of each indicator with respect to the world. The following
indicators have been considered in total and per capita values:

e Population

e Gross Domestic Product
e Total primary energy consumption
e Oil consumption

e Gas consumption

e Coal consumption

e Electricity consumption
e Wind energy production
e Solar energy production
e Oil reserves

e (Gasreserves

e Coal reserves

e (CO; emissions

The latest available data for these indicators is shown below with a table and a figure representing
the EU’s share or worldwide values (blue area) for each of them (orange area).
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Population

The first indicator considered is the World and European Union population. The total population of
a country consists of all people falling within the scope of the census. In the broadest sense, the
total may comprise either all the usual residents of the country and all the people present in the
country at the time of the census (OECD, 2005). Data for the period between 2010 and 2015 are
presented in the Table 1.

Table 1. World and European Union population data. Source: OECD iLibrary

S 00 00 a0tz 013 2014|2015 | percentage.

World
Population 6,913.42 6,996.35 7,079.34 7,163.59 7,248.66 7,346.63 100%

(million people)

EU Population

- 503.65 504.77 505.96 506.94 508.13 509.67 7.11%
(million people)

As shown in the table, the European Union population represents 7.11% out of the total world
population. These data are represented in the Figure 4, in which the blue area represents the
world, while the orange represents the European Union.
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Figure 4. Evolution of the population for the World and the EU-28.
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Gross Domestic Product (GDP)

The GDP is an aggregate measure of production, and it equals to the sum of the gross values
added by all resident institutional units engaged in production (plus any taxes, and minus any
subsidies, on products not included in the value of their outputs) (OECD, 2005).

Gathered data shows the period 2010-2015 (Table 2). In this case, the European Union
represented during this period 24.5% out of the world GDP. The data are shown in the Figure 5.

Table 2. World and European Union GDP data (billion 2010 USD using exchange rates). Source: OECD iLibrary.

S 0k 0012|013 2014|2015 | percentage.

World

GDP 66,018.05 68,104.59 69,797.99 71,590.77 73,547.18 75,488.96 100%

EU GDP 16,977.90 17,260.78 17,179.36  17,217.56  17,504.64  17,889.61 24.50%

GDP
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Figure 5. Evolution of the GDP for the World and the EU-28.
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Total primary energy consumption

Primary energy comprises commercially traded fuels, including modern renewables used to
generate electricity. Oil remains the world’s dominant fuel, making up roughly a third of all energy
consumed (BP, 2017). Gathered data for the period from 2010 to 2016 measured in million tons of

oil equivalent.

Table 3. World and European Union total primary energy consumption data. Source: BP.

S a0l0 o0ta | 2012 2013 | 2014|2015 | 2016 | percentage.

World Total primary
energy consumption 12,170 12,455 12,634 12,866 12,989 13,105 13,276 100%

(Mtoe)

EU Total primary
energy consumption 1,755 1,696 1,681 1,669 1,605 1,627 1,642 13.04%

(Mtoe)

As seen in the Table 3 and the Figure 6, the European Union consumes 13.04% out of the total

world primary energy consumption.
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Figure 6. Evolution of the Total Primary Energy consumption in the World and the EU-28.
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Oil consumption

Oil remained the world’s leading fuel, accounting for a third (33.3%) of global energy consumption.
Inland demand plus international aviation and marine bunkers and refinery fuel and loss.
Consumption of biogasoline (such as ethanol), biodiesel and derivatives of coal and natural gas are
also included (BP, 2017). Data for years 2010 to 2016 are given in millions of metric tons (Table 4).

Table 4. World and European Union oil consumption data. Source: BP.

S 010 a0t | 2012 2013 | 2014 2015|2016 | percentage

World Oil
consumption 4,085.42 4,125.73 4,176.18 4,220.85 4,254.83 4,340.96 4,418.25 100%
(million tons)

EU Oil
consumption  664.98 644.46 618.75 601.73 590.78 600.56 613.28 14.63%
(million tons)

The European Union accounts for 14.63% out of the total world oil consumption (Figure 7).
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Figure 7. Evolution of the oil consumption in the World and the EU-28.
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Gas consumption

Natural gas consumption excludes natural gas converted to liquid fuels, but includes derivatives of
coal as well as natural gas consumed in gas-to-liquids transformation (BP, 2017). Gathered data for
the period between 2010 and 2016 expressed in million tons of oil equivalent (Mtoe) (Table 5).

Table

5. World and European Union gas consumption data. Source: BP.

S o000 a1t a0tz 2013 | 2014|2015 2016 | percentage

World Natural

Consumption

Gas 2,874.25 2,926.32 3,010.51 3,054.36 3,072.99 3,146.75 3,204.14 100%

(Mtoe)

EU Natural

Gas 448.09 40473 39471  388.08 34472 35922 38591 12.80%

Consumption
(Mtoe)

As it

can be seen in the table, the European Union represents 12.8% out of the total world natural

gas consumption. Data about natural gas consumption is represented in the Figure 8.
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Figure 8. Evolution of Natural gas consumption in the World and the EU-28.
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Coal consumption

Coal consumption includes data for solid fuels only. Included in the hard coal category are
bituminous and anthracite. The sub-bituminous coal includes lignite and brown coal. Other
commercial solid fuels are also included (BP, 2017). We have collected data for the period
between 2010 and 2016 expressed in million tons of oil equivalent (Mtoe) (Table 6).

Table 6. World and European Union coal consumption data. Source: BP.

S 000 2011|012 | 2013 | 20142015 2016 | percentage.

World Coal
consumption 3,635.64 3,807.19 3,817.29 3,886.97 3,889.42 3,784.65 3,732.00 100%

(Mtoe)

EU Coal
consumption 280.18 288.12 294.30 287.95 268.41 261.15 238.44 7.23%

(Mtoe)

In this case, the European Union represents 7.23% out of the total world coal consumption, and
the data is illustrated in the Figure 9.
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Figure 9. Evolution of Coal consumption in the World and the EU-28.
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Electricity consumption

Electricity consumption increased almost 13% worldwide during the five-year period (2010-2015).
However, this balance is negative in the European Union, where electricity consumption has
decreased by 4%. In the following table, we can see the data collected for the period between
2010 and 2015 in TWh (Table 7).

Table 7. World and European Union electricity consumption data. Source: OECD iLibrary.

S 00 0| a0i2 | 2013 | 2014|2015 percentage.

World
Electricity
consumption
(TWh)

19,820.13 20,480.55 20,918.95 21,560.32 22,009.77 22,385.81 100%

EU Electricity
consumption 3,161.25  3,098.76 3,104.5 3,071.66  3,004.15  3,041.08 14.53%
(Twh)

The European Union represents 14.53% out of the total world electricity consumption. This
proportion is pictured in the next figure (Figure 10), taking into account data gathered in the table.
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Figure 10. Evolution of the Electricity consumption in the World and the EU-28.
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Wind energy production

The next indicator is wind energy production. Regarding the collected data, world wind production
has more than doubled in five years (2010-2015). This trend is shared by the European Union,
where wind production doubled in the same period (2010-2015). Collected data shown in the next
table are presented in thousand tons of oil equivalent (ktoe) (Table 8).

Table 8. World and European Union wind energy production data. Source: OECD iLibrary.

S o0k 0t | 2012 2013 2014|2015 percentage

World Wind

. 29,355 37,457 45,049 55,533 61,730 72,070 100%
production (ktoe)

EU Wind

X 12,845 15,452 17,718 20,360 21,767 25,961 38.47%
production (ktoe)

The European Union represents 38.47% out of the total world wind production. This proportion is
represented in the Figure 11.
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Figure 11. Evolution of Wind energy production in the World and the EU-28.
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Solar energy production

Solar energy production has had a substantial increase from 2010 to 2014 both in the world and in
the European Union. In the world, solar production has been multiplied by 2.6 and in the
European Union solar production has increased 3.2 times during the same period. This information
is shown in the next table where the data is given in thousand tons of oil equivalent (ktoe) (Table
9).

Table 9. World and European Union solar energy production data. Source: OECD iLibrary.

_ 2010 2011 2012 2013 2014

World Solar
production 18,565.216 24,471.019 31,079.483 41,224.068 47,713.427 100%
(ktoe)

EU Solar
production 3,716.941 6,037.626 9,009.013 10,643.07 12,008.665 25.40%
(ktoe)

The European Union solar production represents 25.4% out of the total world solar production. It
can be seen in the Figure 12.
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Figure 12. Evolution of Solar energy production in the World and the EU-28.
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Oil reserves

Total proved reserves of oil are generally taken to be those quantities that geological and
engineering information indicates with reasonable certainty can be recovered in the future from
known reservoirs under existing economic and geological conditions. Qil reserves include field
condensate and natural gas liquids as well as crude oil (BP, 2017). In the following table, data for
the period between 2010 and 2016 are represented (Table 10).

Table 10. World and European Union oil reserves data. Source: BP.

S ot Taona | 2012 2013 | 2014|2015 2016 | ercentage

World Oil reserves (thousand

- 1,642 1,681 1,695 1,702 1,707 1,691 1,707 100%
million barrels)

EU Oil reserves (thousand million

6.00 6.17 595 585 564 523 5.05 0.34%
barrels)

As it can be seen in the table, the European Union represent only a small and decreasing
proportion (0.34%) out of total world oil reserves and is shown in the next figure (Figure 13).

Qil reserves

2,000

1,500

1,000

500

2010 2011 2012 2013 2014 2015 2016

e \NOrld  e—El

Figure 13. Evolution of Qil reserves in the World and the EU-28.
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Gas reserves

Total proved reserves of natural gas are generally taken to be those quantities that geological and
engineering information indicates with reasonable certainty can be recovered in the future from
known reservoirs under existing economic and operating conditions (BP, 2017).

Data are measured in trillion cubic meters, and they have been represented for the period
between 2010 and 2016 (Table 11).

Table 11. World and European Union gas reserves data. Source: BP.

| 2010 ] 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | Percentage

World Natural Gas:
Proved reserves (trillion 176.25 185.39 184.35 185.82 187.18 185.42 186.57 100%

cubic metres)

EU Natural Gas: Proved
reserves (trillion cubic 2.36 1.78 1.52 1.44 131 1.30 1.28 0.85%

metres)

As shown in the table, the EU natural gas reserves mean 0.85% out of the total world natural gas
reserves. The pattern of depletion is represented in the Figure 14.
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Figure 14. Evolution of Gas reserves in the World and the EU-28.

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555

n This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 691287

30



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

Coal reserves

Total proved reserves of coal are generally taken to be those quantities that geological and
engineering information indicates with reasonable certainly can be recovered in the future from
known deposits under existing economic and operating conditions. Total proved coal reserves are
shown for anthracite and bituminous (including brown coal) and sub-bituminous and lignite (BP,
2017). Coal reserves data are presented in million tons and given for the end of 2015 (Table 12).

Table 12. World and European Union GDP data. Source: BP.

e v 2015~ percentage |

World Coal: Proved reserves (million tons) 891,531 100%

EU Coal: Proved reserves (million tons) 56,082 6.29%

The EU coal reserves take up 6.29% out of the total world coal reserves. Data are represented by a
barcode in this case (Figure 15).
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Figure 15. Coal reserves in 2016 for the World and the EU-28.
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COz emissions

In this case, world carbon dioxide emissions have increased by 6% during the last seven years
(2010-2016), whereas European Union CO; emissions have decreased by 11%. These data are
shown in the Table 13.

Table 13. World and European Union CO, emissions data. Source: BP.

S 000 0112012 | 2013 | 204 | 2015 | 2016 | ercentage.

World Carbon Dioxide
emissions (million tons 31,528 32,413 32,760 33,226 33,343 33,304 33,432 100%
carbon dioxide)
EU Carbon Dioxide

emissions (million tons 3,933 3,805 3,739 3,655 3,443 3,477 3,485 11.1%
carbon dioxide)

The European Union CO. emissions represent 11.1% out of the total world carbon dioxide
emissions. This proportion can be seen in the Figure 16.
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Figure 16. Evolution of CO, emissions in the World and the EU-28.
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Gross Domestic Product per capita

For the period between 2010 and 2015, the total world GDP per capita has increased by almost
8%. The European Union has increased its GDP per capita by 4%. These data are shown in the
following table and expressed in constant 2010 USS.

Table 14. World and European Union GDP per capita data. Source: World Bank.

S 0t it 2012|2013 | 2014|2015 | Ratio

World GDP per capita (constant

2010 US$) 9,549.5 9,735 9,859.7 9,994.8 10,148.2 10,293.3 1.00

EU GDP per capita (constant

2010 US$) 33,709.7 34,195.3 33,952.6 33,960.4 34,4485 35,105.2 3.45

As shown in the table, the GDP per capita in the European Union is almost 3.5 times higher than
the GDP per capita in the world. This relation is shown in the Figure 17.
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Figure 17. Evolution of GDP per capita in the World and the EU-28.
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Primary energy consumption per capita

The data of primary energy consumption per capita represented in the table for the period
between 2010 and 2015 is expressed in tons of oil equivalent per capita (toe per capita) (Table 15).
The primary energy consumption per capita in the world has undergone a small increase of about
1.5%, whereas the primary energy consumption per capita in the European Union has experienced
a decrease of 8%.

Table 15. World and European Union primary energy consumption per capita data. Source: Own elaboration
with data from BP and OECD iLibrary.

T oo Taoua | 2012 2013 2014 2015 | Ratio

World Primary energy per capita consumption

X 1.76 1.78 1.78 1.80 1.79 1.79 1.00
(toe per capita)

EU Primary energy per capita consumption (toe

. 348 336 332 329 316 3.19 1.85
per capita)

As shown in the Table, 15 the primary energy consumption per capita in the European Union is
1.85 times higher than in the rest of the world. This proportion can be seen in the Figure 18.
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Figure 18. Evolution of Primary Energy consumption per capita in the World and the EU-28.
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Oil consumption per capita

The average oil consumption per capita in the world has been constant over the last years (from
2010 to 2015). However, the European Union oil consumption per capita has decreased by 10%.
Data for this period are represented in the Table 16, and expressed in tons per capita.

Table 16. World and European Union oil consumption per capita data. Source: Own elaboration with data from

BP and OECD iLibrary.
“2010 | 2011 | 2012 | 2013 | 2014 | 2015 | Ratio

World Oil consumption per capita (tons .10 5997 05899 0.5893 0.5871 0.5919 1.00
per capita)

EU °"°°"s"mpt'c‘:;i'::; capita (tonsper ) 3003 15767 12229 1.1869 1.1626 1.1785 2.08

The European Union oil consumption per capita is twice as high as the world oil consumption per
capita. This can be represented in the Figure 19.
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Figure 19. Evolution of Oil consumption per capita in the World and the EU-28.
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Gas consumption per capita

The worldwide gas per capita consumption increased by 3%, whereas the European Union
consumption decreased more than 20%. Data are represented in the next table, and expressed in

tons of oil equivalent per capita (Table 17).

Table 17. World and European Union gas consumption per capita data. Source: Own elaboration with data from

BP and OECD iLibrary.
“2010 | 2011 | 2012 | 2013 | 2014 | 2015 | Ratio

World Gas consumption per capita (toe ) \1co 4183 04253 04264 0.4240 04291 1.00
per capita)

EU Gas°°"s"mp:;°p';t':‘;'°ap'ta (toeper 3997 0.8018 07801 0.7655 0.6784 07049 1.83

As presented in the table, the gas consumption per capita in the European Union is 1.83 times
higher than in the world. It is shown in the Figure 20.
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Figure 20. Evolution of the Gas consumption per capita in the World and the EU-28.
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Coal consumption per capita

Coal consumption per capita in the world has experienced a small decrease of about 2% for years
2010 to 2015. Moreover, the European Union has also decreased its coal consumption per capita,
representing a reduction of 8%. Data, for the period between 2010 and 2015 expressed in tonnes
of oil equivalent per capita, are represented in the Table 18.

Table 18. World and European Union coal consumption per capita data. Source: Own elaboration with data from
BP and OECD iLibrary.

World Coal Consumption per capita (toe

. 0.5259 0.5442 0.5392 0.5427 0.5367 0.5161 1.00
per capita)

EU Coal Consumption per capita (toe per

. 0.5563 0.5708 0.5816 0.5680 0.5282 0.5125 1.035
capita)

As it is represented in the table, the coal consumption per capita in the world and the European
Union is almost the same. The pattern of change is presented in the Figure 21.
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Figure 21. Evolution of the Coal consumption per capita in the World and the EU-28.
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Electricity consumption per capita

Worldwide electricity consumption per capita has increased by 6% during the period between
2010 and 2015. Instead, the European Union consumption has decreased by 5% during the same
period. Data expressed in kWh per capita for the period between 2010 and 2015 can be seen in
the following table (Table 19).

Table 19. World and European Union electricity consumption per capita data. Source: Own elaboration with data
from OECD iLibrary.

T 0t it 2012 | 2013|2014 2015 | Ratio

World Electricity consumption

; . 2,867.00 2,927.50 2,955.00 3,010.00 3,036.90 3,052.40 1.00
per capita (kWh per capita)

EU Electricity consumption per

. . 6,276.70 6,138.90 6,135.70 6,058.70 5,912.10 5,967.60 2.06
capita (kWh per capita)

As represented in the table, the European Union electricity consumption per capita is twice as high
than the world consumption during this period. Data are represented in the Figure 22.
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Figure 22. Evolution of Electricity consumption per capita in the World and the EU-28.
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Wind energy production per capita

Wind energy production per capita has experienced a significant increase during last years (from
2010 to 2015). In other words, it has been multiplied by 2.3. The same happened in the European
Union where the wind energy production per capita has approximately doubled since 2010. Data
are shown in Table 20 and expressed in kg of oil equivalent per capita.

Table 20. World and European Union wind energy production per capita data. Source: Own elaboration with

data from OECD iLibrary.
2010 | 2011 2012 | 2013 | 2014 | 2015 | Ratio

425 535 636 775 852 983 100

World Wind energy production per capita (kg of
oil equivalent per capita)

EU Wind energy production per capita (kg of oil

. . 25.50 30.61 35.02 40.16 42.84 5094 5.40
equivalent per capita)

Taking into account the mean values of each region, the European Union wind energy production
is 5.4 times higher than the worldwide wind energy production per capita. This proportion is
illustrated in the Figure 23.

Wind energy production/capita

45
40
35
30
25
20
15
10

wu

2010 2011 2012 2013 2014

mEU mWorld

Figure 23. Evolution of the Wind power generation per capita in the World and the EU-28.
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Solar energy production per capita

World solar energy production per capita has been multiplied by 2.45 in five years (from 2010 to
2014). Moreover, the European Union has experienced a higher increase as its solar energy
production per capita has been multiplied by 3.2 in the same period. Data is represented in the
table 21.

Table 21. World and European Union solar energy production per capita data. Source: Own elaboration with

data from OECD iLibrary.
“2010 | 2011 | 2012 | 2013 | 2014 | Ratio

2.6854 3.4977 4.3902 5.7547 6.5824 1.00

World Solar energy production per capita (kg of oil
equivalent per capita)

EU Solar energy production per capita (kg of oil

. . 7.38 11.96 17.81 20.99 23.63 3.57
equivalent per capita)

Taking into account the mean values of each region, the European Union solar energy production
is 3.57 times higher than the world solar energy production per capita. This proportion is shown in
the Figure 24.

Solar energy production/capita

2010 2011 2012 2013 2014

EEU m World

Figure 24. Evolution of Solar power generation per capita in the World and the EU-28.
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Oil reserves per capita

Oil reserves per capita in the world have been constant from 2010 to 2015. However, the
European Union oil reserves have experienced a decrease of around 7% during the same period.
Data, for both regions, are shown in the Table 22. They are represented in thousand barrels per
capita.

Table 22. World and European Union oil reserves per capita data. Source: Own elaboration with data from BP
and OECD iLibrary.

World Oil reserves per capita (thousand

. 0.2376 0.2403 0.2394 0.2376 0.2355 0.2306 1.00
barrels per capita)

EU Oil reserves per capita (thousand

. 0.0119 0.0122 0.0118 0.0115 0.0111 0.0103 0.05
barrels per capita)

As shown in the table, the European Union oil reserves per capita are only 5% of the total world oil
reserves per capita. Data are illustrated in the Figure 25.
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Figure 25. Evolution of the Qil reserves per capita in the World and the EU-28.
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Gas reserves per capita

The next indicator are gas reserves per capita, which have been constant in the world during the
last six years (from 2010 to 2015). Nevertheless, the European Union gas reserves per capita have
decreased by 45% during the same period. These data are represented in the Table 23.

Table 23. World and European Union gas reserves per capita data. Source: Own elaboration with data from BP
and OECD iLibrary.

World Gas reserves per capita (million

. . 0.0255 0.0265 0.0260 0.0259 0.0258 0.0253 1.00
cubic meters per capita)

EU Gas reserves per capita (million cubic

. 0.0047 0.0035 0.0030 0.0028 0.0026 0.0026 0.12
meters per capita)

As it can be deducted from the table, the European Union gas reserves per capita are 12% of the
total world gas reserves per capita. According to these data, the pattern is illustrated in the Figure
26.
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Figure 26. Evolution of Gas reserves per capita in the World and the EU-28.
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Coal reserves per capita

When it comes to coal reserves per capita, there is data for the end of the year 2015 for both the
world and the European Union. These data are represented in the Table 24.

Table 24. World and European Union coal reserves per capita data. Source: Own elaboration with data from BP
and OECD iLibrary.

e e 2015 Ratio

World Coal reserves per capita (t of coal per capita) 121.57 1

EU Coal reserves per capita (t of coal per capita) 110.05 0.91

As shown in the table, the European Union coal reserves per capita are 91% of the total world coal
reserves per capita. The temporal pattern of change can be seen in the Figure 27.
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Figure 27. Coal reserves per capita in 2016 for the World and the EU-28.
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CO, emissions per capita

The last indicator is carbon dioxide emissions per capita. These emissions have been constant in
the world during last years (from 2010 to 2015). However, carbon dioxide emissions per capita
have decreased by 14% in the European Union in this period. These data are shown in Table 25.

Table 25. World and European Union CO; emissions per capita data. Source: Own elaboration with data from BP
and OECD iLibrary.

World CO; emissions per capita (t of

. . 45606 4.6332 4.6277 4.6387 4.6007 4.5412 1.00
carbon dioxide per capita)

EU CO; emissions per capita (t of carbon

. . 7.8080 7.5381 7.3887 7.2086 6.7750 6.8230 1.58
dioxide per capita)

As it can be deducted from the table, the European Union CO; emissions per capita are 1.58 times
higher than the world CO; emission per capita. This proportion is shown in the Figure 28.

CO, emissions/capita
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Figure 28. Evolution of the CO, emissions per capita in the World and the EU-28.
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2.1.3. Boundary variables from MEDEAS-W

As aforementioned, MEDEAS-W will be used as a (“parent model”) which will provide the
boundary conditions within which the MEDEAS-EU model (“child model”) will evolve. This
paragraph describes which boundary variables from MEDEAS-W are used (and how) in MEDEAS-
EU. A total of 14 variables are used. The nomenclature from MEDEAS-W 1.1 is used. We describe
them in relation to their role in each module of the EU version of the model:

Economic Module

e “Real demand by sector”

e “Real total output by sector”

e “Real final energy by sector and fuel”
e “Annual GDP growth rate”

These global variables are used in MEDEAS-EU to estimate the EU and RoW final energy
intensities, the EU and RoW imports and exports and to estimate the final energy footprint.

The “share E-losses CC” refer to the impacts from climate change and are used to estimate the
final energy available for society in UE after accounting for these impacts.

Energy Module

e “Total extraction NRE EJ”

e “PES nat. gas”

e “PESoil EJ”

e “Extraction coal”

e “Extraction uranium EJ”

e “Share conv vs total gas extraction”
e “Share conv vs total oil extraction”

These global variables are used in MEDEAS-EU to estimate the imports of EU from RoW of primary

non-renewable fuels such as oil, gas, coal and uranium.
Materials module

e “Current mineral resources Mt”

e “Current mineral reserves Mt”
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These global variables are used in MEDEAS-EU to compare the EU demand of minerals with the

global level of current resources and reserves.
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2.2. Economy module

2.2.1. Literature review

The approach chosen for modelling Economy in MEDEAS-EU has involved a revision of literature in
the field to establish the most proper scope.

It is possible to find different approaches which can be encompassed under the general definitions
of optimisation/simulation models and top-down/hybrid/bottom-up models (Scrieciu et al., 2013).
Optimisation models usually rely on neoclassical —or, more generally, conventional- economics
and thus, computable general equilibrium (CGE). They assume clearing markets via price
adjustments which, in turn, ensures full employment and productive capacity (Sterman et al.,
2012). Furthermore, they consider optimal growth, which is supply-led through the optimisation of
a production function dependent on factors capital and labour, and technological progress. In
contrast, simulation models describe intertwines between energy-economy-climate, which allows
examining the propagation of disturbances into the system and evaluating the different outcomes
of policies. The most known contribution to simulation models was the pioneering World3 model
of Limits to Growth (Meadows, 1972).

Beyond optimisation-simulation, there are different (but related) approaches regarding the main
driver of economy. Optimisation models tend to be supply-led, using the availability of productive
factors, i.e. capital, labour and, eventually, natural capital as the engine of modelling. Conversely,
demand-led models are usually sustained in post-Keynesian economics assuming disequilibrium,
meaning non-clearing markets, demand-led growth and supply constraints (Lavoie, 2014; Taylor et
al., 2016). Demand-led models start modelling demand, i.e. the direct and real expression of the
productive factors capacity. In these models, however, supply can act as a constraint for the
economic activity. As simulation better fits with dynamic modelling and disequilibrium economics,
a number of models have been grounded on these approaches. Some examples are the non-
equilibrium E3MG model (Pollit, 2014), ICAM (Dowlatabadi, 1998), GTEM (Kemfert, 2005) AIM
(Kainuma, 2003; Masui et al., 2006; Morita et al., 2003) and IMAGE (Alcamo et al., 1998; Bouwman
et al., 2006; E. Stehfest et al., 2014).

Other useful categorization distinguishes between top-down, hybrid and bottom-up models. The
former one implies a macroeconomic perspective where policies and main macro-magnitudes are

the essential drivers of the model outcomes. The latter, conversely, represents a partial
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equilibrium —throughout technologies competition- in the energy sector. Hybrid models, on the
other hand, combine a detailed macroeconomic and energetic view of technologies.

While at the early times, top-down optimisation models where dominant, critical observations
have been made to this approach. The assumption of perfect substitutability between factors has
been widely criticised from ecological economics, which considers that complementarity better
fits reality (Christensen, 1989; Farley and Daly, 2003; Stern, 1997). In addition, there is a lack of
economic sectoral disaggregation which does not allow models to capture the relevance of
economic structure in energy-environment-economy interactions (De Haan, 2001; James et al.,
1978). Moreover, optimisation reveals as an unrealistic approach to model complex, dynamic
systems in which feedbacks and time matters (Capellan-Pérez, 2016; Uehara et al., 2013).
Nevertheless, the majority of demand-led models account with a sequential structure instead of
the feedback-rich structure of SD models.

Regarding this body of literature, MEDEAS-EU economy module is defined as a simulation and
hybrid model (Scrieciu et al., 2013) (Figure 29). Furthermore, MEDEAS-EU economy module is
demand-led, sartorially disaggregated and based on a disequilibrium approach and Input-Output
Analysis (I0A). The MEDEAS framework considers demand-led approach more realistic than
supply-led, since the latter implies non-reasonable assumptions about the productive factors’
utilisation capacity. By adopting a demand-led approach, MEDEAS contributes to widen this
demand-side body of literature. Moreover, it is a more realistic procedure, as demand represents
the actual economic activity deployed by the productive factors, whether they are in equilibrium
or not. However, demand-led models tend to underestimate or directly not take into
consideration biophysical supply-side constraints, so GDP is able to keep growing unhindered. The
main contribution of MEDEAS in that way is the inclusion of supply constraints and climate change,
which feedback the economy throughout energy availability, and emissions.
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OPTIMISATION MODELLING

(methodological approach supported under orthodox economic theory)
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Figure 29. Macro-economic modelling in IAMs.

IOA reveals itself as a powerful tool to assess the direct and indirect effects in sectoral production
given an economic structure and the evolution of demand (Leontief, 1970; Miller and Blair, 2009).
In addition, I0A allows including environmental hybrid approaches and has been combined with
system dynamics in energy-economy-climate modelling (Briens, 2015; Cordier et al., 2017). By
using I0A to start the demand modelling, MEDEAS not only can make a sectoral analysis of its
results, but it also assumes disequilibrium and it is able to capture structural conditioners in
transitions, something that it is often missing from macro-economic modelling. |IOT does not make
assumptions on equilibrium neither in the goods market nor in the factors market but reveals the

actual nature of economic evolution.

Trying to model disequilibrium in factors market necessarily leads to make unrealistic
assumptions. For instance, modelling labour supply as a positive function of wages considers
implicitly perfect mobility of labour and/or the societal capacity to permanently sustain a
significant share of inactive population. MEDEAS, on the contrary, considers disequilibrium in

factors market as given in the data, reacting each economic variable according to implicit
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unemployment and under-utilisation of capital. The model overcomes the main limitations of
energy-economy-environment modelling that rely on optimisation, sequential structure,
neoclassic production function regardless of disequilibrium and economic structure, and lacks
biophysical constraints. MEDEAS-EU Economy-module can be seen as a contribution to the now
emerging field of ecological macroeconomics (Hardt and O’Neill, 2017; Rezai and Stagl, 2016).
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2.2.2. Overview of the economy module

Economy module in MEDEAS-Europe is quite similar to the economy module of MEDEAS-World
(see more details in Deliverable 4.1) but including trade and the influence of the other regions. For
instance, as is carefully described below (see section 2.2.3.1), final demand now includes exports
by sector. Likewise, Input-Output Analysis with trade requires the inclusion of the rest of the world
(RoW) final demand and provides its production as an output. As can be seen in Figure 30, RoW
final demand by sector influences the expected production in the European Union-28 (EU28) as
described in subsection 2.2.3.2. An energy feedback (see section 2.2.3.4.) is also taking into
account, but in MEDEAS-Europe considering the net energy supply availability not only inside its
boarders, but also abroad.
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consumption [i] Exports [i]

Government
expenditures [i]

La‘uoulgl Capital
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Labour © N formation [1]

compensation + Changes.in
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Figure 30. Overview of MEDEAS-Europe economy module.

Through I0A with trade, MEDEAS-Europe is able to estimate the energy embedded balance in
trade, by using not only EU28 energy intensities, but also RoW’s. Since GDP is defined as the total
final demand of EU28 products plus the intermediate trade balance, is necessary to also estimate
the latter. Finally, inputs to final demand function come from income (labor and capital
compensation), obtained thanks to exogenous income share scenarios (see section 2.2.3.2.).
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Moreover, there are other exogenous variables used as inputs for exports, such as the real
effective exchange rate and the world GDP, loaded directly from MEDEAS-World.

Schematically, the economy module follows a structure like shown in Figure 31. The user of
MEDEAS-Europe can input exogenous scenarios of GDP per capita and population growth, as well
as different estimates for income shares (a measure of inequality). Then, demand function comes
into motion, providing the I0A with the demand shock that it requires to estimate production. In
MEDEAS-Europe, 10A includes trade, meaning that there is not only one interpretation for A and
Leontief matrixes, but also one interpretation for each of the sub-matrixes in which it is divided.
Trade and RoW'’s economic structure also matters to determine the production required to satisfy
demand in EU28. Hereafter, through energy intensities, energy consumption required by the
economic system is estimated and faced to the energy availability. That delivers the feasible
energy, production and demand under biophysical constraints. Back into IOA, that feasible
demand is estimated and then, the final GDP, which allows the model to estimate the energy

carriers of its demand.

Population GDPpc

growth growth |—> Sectoral Production
scenarios scenarios

Sectoral Final Input-Output Energy-Economy
Demand Analysis eedba

N Y

Income T— Feasible Production

share

scenarios

Figure 31. Schematic overview of MEDEAS-Europe economy module.

Thus, this section describes the functioning of each economy module’s stage, regarding its main
features: i/final demand function; ii/ Input-Output Analysis with trade; iii/ Energy-Economy
feedback; iv/ Income.
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2.2.3. Description of the economy module

2.2.3.1. Demand Function

MEDEAS-Europe is a demand-led model, as explained before. Exogenous final demand growth
provides inputs to the final demand function, whose commitment is distributing this final demand
change amongst sectors. MEDEAS-World (Deliverable 4.1.) final demand (FD) does not include
trade, since at the world level imports offset exports. Input-Output Analysis (IOA) used by the
economy module afterwards imposes a particular final demand point of view. Because IOA is
oriented to estimate production in the objective region, it is necessary to measure the final
demand of this region’s products. This way, FD in MEDEAS-Europe consists of domestic and
foreign demand of EU28 products, i.e., domestic demand and exports. It is worth to emphasize
that FD is not referred to final demand made by European agents, since this would imply to
include final imports. However, although final imports are not produced in EU28 and thus, not
included in FD, they play a crucial role in MEDEAS-Europe, as explained in section 2.2.3.2.

Therefore, final demand for each industry follows Eq. 1:
FD;; = HH;; + GFCF;; + GE;; + INVENT;; + EXP;; i€e1..35 (D

Being i the subscript for each industry, t the time subscript; HH the households’ consumption,
GFCF the gross fixed capital formation, GE the government expenditures, INVENT the changes
in inventories and EXP final exports (not included intermediate exports). While all the
categories mentioned are referring to the final consumption of EU28 products made by each
institutional sector, GFCF does not follow the same approach. GFCF is the final consumption of
investment products made by any agent. For example, a household purchasing its primary
residence is GFCF in sector 18 (Construction). Likewise, real estate investment made by a
corporation or the purchase of a building made by the government are also GFCF in sector 18. This
feature directly affects to the GFCF econometric estimation chosen for the model.

Whilst HH;;, GFCF;;, and EXP;; (more than 95% of total final demand except on sectors 26 and
30-34) can be estimated throughout econometric functions, GE;; and INVENT;; remains as a
constant share of total final demand based on the time series values. Thus, regarding the structure
of the data used (Dietzenbacher et al., 2013) with 35 industries and 15 years, we have a panel with
525 observations. Econometric functions with panel data and auto-correlation corrected have
been estimated for each of the mentioned variables. The inputs used in them have been chosen
according to the literature and conditioned by the limits imposed by the data source used. For this
reason, HH;; and GFCF;; depend on the evolution of income (labour and capital compensation
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respectively) obtained in the model as described in section 2.2.3.3. Although further
developments will include variables such as real interest rates to estimate GFCF;;, for the sake of
simplicity, income remain as the only explanatory variable. The case of EXP;; is rather different.
Exports of final consumption goods and services basically depends on exchange rates and the
income of the rest of the world (Hassan et al., 2016; Ho, 2012). The indicator used to explain
exchange rates is the real effective exchange rate, which takes into account relative prices of the
main EU28 commercial partners and it is a measure of competitiveness. Furthermore, because the
RoW gross domestic product (GDP) is calculated each year t as the difference between world GDP
(data loaded directly from MEDEAS-W) and EU28 GDP, RoW GDP in year t cannot be used to
estimate exports in year t. Since it would not make economic sense to estimate year t exports as a
function of RoW GDP in t-1, it is @ more reasonable approach to make it depend on world’s GDP.
Although, of course, world’s GDP includes EU28 GDP, it is comparatively more explained by RoW
GDP than EU28’s, a dynamic that tends to deepen.

Hence, the equations that estimate the three main components of final demand in MEDEAS-
Europe are the following (Eq. 2-4):

InHH;; = By + p1iSec; + BoInLab, i€1..35 (2)
InGFCF;; = By + ByiSec; + [yInCap, i€1l..35 3
InEXP;; = By + f1Sec; + Pyreery + fslnworld_gdp, 1€1..35 (4)

Sec; is a dichotomous variable whose value is 1 when calculating each sector and 0 if it is any
other sector. For instance, for sector households’ consumption in sector 3, Sec; equals 1, so just
P13 is applied. Besides, because f3;; are estimated as a measure of the incidence of the particulars
of each sector in the explanation of the dependent variable, their value is defined in reference to
one sector, which here is sector 1. It means that f; yis always equal to 0 and f;; has a value
different to zero, according to the different effect of each sector on the dependent variable,
regarding that of the sector 1. So, there are 34 different 5;; as shown in Tables 26-28. Lab stands
for labour compensation for the whole economy. There is no economic justification to assume
that wages paid in one sector will be expended in the same sector. We use labour compensation
instead of disposable income because it is not possible to estimate it inside the model, while
primary income is obtained as described below. Cap stands for capital compensation and,
following the definition of gross fixed capital formation given above, it must be used the total
capital compensation of the whole economy, not just that of the sector. reer is the real effective
exchange rate, which must be estimated exogenously for the out-of-sample period across the

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555

54



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

different scenarios. Finally, world_gdp is the GDP of the world, charged from MEDEAS-World. All
the variables except of reer are provided in logarithms (In) in order to avoid non-linear
relationships between variables. The reer is an index expressed in times one, being 1995 the base

year.

Tables 26-28 show the parameters of the robust panel data for the three main components of final
demand. S, value is that in the first column (Coef.) and the last row (_cons). ;;values are given in
the first column (Coef.) from sector 2 to 35. For sector 1, f3; is always equal to 0. 3, is provided by
the value in the first column and first row (log_labworld for Lab and log_capworld for Cap). All 5,
are significant at 5%, but sectors 6 and 19 for GFCF and, in that cases, 8; equals 0.
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Table 26. Households' consumption panel data regression.

Panel-corrected

1n_hh Coef. std. Err. z P>|z] [95% Conf. Interval]
In_lab .6778991 .0514513 13.18 0.000 .5770564 .7787418

sector
2 -3.132168 .1746171 -17.94 0.000 -3.474411 -2.789925
3 1.123761 .0339278 33.12 0.000 1.057264 1.190258
4 -.4057796 .0765651 -5.30 0.000 -.5558445 -.2557148
5 -1.850538 .0823779 -22.46 0.000 -2.011996 -1.68908
6 -2.58802 .0421249 -61.44 0.000 -2.670583 -2.505457
7 -.3965889 .0343986 -11.53 0.000 -.464009 -.3291688
e -.7282185 .0466228 -15.62 0.000 -.8195975 -.6368395
9 -.3721037 .0417231 -8.92 0.000 -.453879%4 -.290328
10 -1.583764 .0298986 -52.97 0.000 -1.642365 -1.525164
11 -1.999981 .0431326 -46.37 0.000 -2.084519 -1.915443
12 -1.556202 .0393489 -39.55 0.000 -1.633324 -1.479079
13 -1.042413 .0353649 -29.48 0.000 -1.111727 -.9730995
14 -.6712651 .0502486 -13.36 0.000 -.7697505 -.5727797
15 .3142421 .0369853 8.50 0.000 .2417523 .386732
16 -.6436642 .0453517 -14.19 0.000 -.7325519 -.5547766
17 .129164 .0527075 2.45 0.014 .0258592 .2324688
18 -1.336307 .0319572 -41.82 0.000 -1.398941 -1.273672
19 -.0263757 .0354701 -0.74 0.457 -.0958958 .0431444
20 .7041985 .0277226 25.40 0.000 .6498632 .7585338
21 .6373543 .026884 23.71 0.000 .5846626 .690046
22 .9152022 .0325756 28.09 0.000 .8513553 .9790491
23 -.1965479 .0375617 -5.23 0.000 -.2701675 -.1229284
24 -2.948299 .0436983 -67.47 0.000 -3.03394¢ -2.862652
25 -1.491802 .0453768 -32.88 0.000 -1.580739 -1.402865
26 -.990246 .0333368 -29.70 0.000 -1.055585 -.9249071
27 .0645505 .0902568 0.72 0.474 -.1123494 .2414505
28 .6852167 .0808559 8.47 0.000 .5267421 .8436913
29 1.616802 .0236816 68.27 0.000 1.570387 1.663217
30 -.6963911 .0301054 -23.13 0.000 -.7553965 -.6373856
31 -1.71586 .2389462 -7.18 0.000 -2.184186 -1.247534
32 -.5360797 .0366932 -14.61 0.000 -.6079971 -.4641623
33 .290097 .050875 5.70 0.000 .1903838 .3898102
34 .6228922 .0310476 20.06 0.000 .56204 .6837443
35 -1.541552 .0232112 -66.41 0.000 -1.587045 -1.496059
_cons 1.576352 .7924989 1.99 0.047 .0230828 3.129621

The approach followed to translate these equations into system dynamics programming relies on
considering it as absolute variations. These variations are the fluxes that feed households final
demand (HH,;;), gross fixed capital formation (GFCF;;) and exports (EXP;;) as stocks. Thus, taking
equation 2 for households’ consumption in sector i, it can be expressed as (Eq. 5-6):

HH;, = ePoePuseci [qpP? (5)

AHH;, = ePoePuseci (LabP? — LabP?) (6)
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Table 27. Gross fixed capital formation panel regression.

Panel-corrected

In _gfcf Coef. Std. Err. z P>|z| [95% Conf. Interval]
In cap 1.268449 .1957958 6.48 0.000 .884696 1.652202
sector

2 -1.678621 .1408706 -11.92 0.000 -1.954723 -1.40252
3 -1.584967 .0446439 -35.50 0.000 -1.672468 -1.497467
4 -1.852438 .0759359 -24.39 0.000 -2.00127 -1.703606
5 -3.962418 .0930604 -42.58 0.000 -4.144813 -3.780023
[ -.5286262 .054374 -9.72 0.000 -.6351973 -.4220552
7 -.7827833 .0626663 -12.49 0.000 -.905607 -.6599596
8 -2.585285 .1575044 -16.41 0.000 -2.893988 -2.276582
9 -1.025788 .0583313 -17.59 0.000 -1.140115 -.9114605
10 -.9166757 .057525 -15.94 0.000 -1.029423 -.8039289
11 -1.138974 .0772438 -14.75 0.000 -1.290369 -.9875795
12 1.628664 .0583067 27.93 0.000 1.514384 1.742943
13 2.573675 .0451355 57.02 0.000 2.485211 2.662139
14 2.37552 .0571061 41.60 0.000 2.263594 2.487446
15 2.428932 .0624213 38.91 0.000 2.306588 2.551275
16 .7296413 .0610803 11.95 0.000 .609926 .8493565
17 -.077121 .0547792 -1.41 0.159 -.1844862 .0302443
18 4.304366 .0398625 107.98 0.000 4.226237 4.3824095
19 .3954664 .0433846 9.12 0.000 .3104342 .4804985
20 1.931302 .0407145 47 .44 0.000 1.851503 2.011101
21 1.693442 .0390225 43.40 0.000 1.61696 1.769925
22 -2.186798 .0467966 -46.73 0.000 -2.278518 -2.095078
23 .095919 .0951406 1.01 0.313 -.0905531 .2823912
24 -2.89669 .0956638 -30.28 0.000 -3.084188 -2.709192
25 -3.063519 .1114182 -27.50 0.000 -3.281895 -2.845144
26 -1.575843 .0967499 -16.29 0.000 -1.76547 -1.386217
27 -.5027087 .1125717 -4.47 0.000 -.7233452 -.2820723
28 -1.163246 .1065767 -10.91 0.000 -1.372133 -.9543594
29 1.538815 .0566672 27.16 0.000 1.427749 1.64988
30 2.770212 .04998 55.43 0.000 2.672254 2.868171
31 -.2939297 .1646052 -1.79 0.074 -.6165499 .0286905
32 -3.006637 .0579659 -51.87 0.000 -3.120248 -2.893026
33 -2.952246 .085682 -34.4¢6 0.000 -3.120179 -2.784312
34 .2798261 .0509532 5.49 0.000 .1799597 .3796926
35 -11.32751 .1000009 -113.27 0.000 -11.52351 -11.13151
_cons -9.960998 2.985201 -3.34 0.001 -15.81188 -4.110111

Equivalently, GFCF;;would be expressed equally but using Cap instead of Lab and EXP;; follows a
similar approach. In order to calculate in the model, the new final demand flow to their respective
stocks, the variation is taken. Although some coefficients are not individually significant with p-
values over 0.10, all the models are jointly significant. In addition, their sample forecasts
demonstrate to be consistent enough, even though it is worth to remember that the objective of
system dynamic models is not to predict, but to estimate overall tendencies under different sets of

policies and scenarios.
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Table 28. Exports panel data regression.

Panel-corrected

In_exp Coef. std. Err. z P>|z| [95% Conf. Interval]

reer_ 1 .327065 .2618571 1.25 0.212 -.1861654 .8402954

log_gdpw 1.408751 .2237457 6.30 0.000 .9702173 1.847284
sector

2 -3.517977 .7349144 -4.79 0.000 -4.958383 -2.077571

3 2.050762 .083034s8 24.70 0.000 1.888016 2.213507

4 1.30901 .1322885 9.90 0.000 1.049729 1.56829

3 .2279982 .1394693 1.63 0.102 -.0453566 .5013529

3 -2.347326 .0884834 -26.53 0.000 -2.52075 -2.173901

7 .3975593 .1255019 3.17 0.002 .1515801 .6435386

8 -.088368 .1512591 -0.58 0.559 -.3848304 .2080943

9 1.919586 .1233429 15.56 0.000 1.677839 2.161334

10 -.2184727 .0960843 -2.27 0.023 -.4067945 -.0301509

11 -1.066644 .1701236 -6.27 0.000 -1.40008 -.7332078

12 .3392006 .1104185 3.07 0.002 .1227843 .5556168

13 2.577833 .1094655 23.55 0.000 2.363285 2.792382

14 2.534758 .1340868 18.90 0.000 2.271952 2.797563

15 2.577478 .1350884 19.08 0.000 2.31271 2.842247

16 .9817586 .1482769 6.62 0.000 .6911412 1.272376

17 -1.564876 .1460999 -10.71 0.000 -1.851226 -1.278525

18 -1.152804 .1299712 -8.87 0.000 -1.407543 -.8980654

19 -2.030831 .1085219 -18.71 0.000 -2.24353 -1.818132

20 .5035078 .1163186 4.33 0.000 .2755275 .7314882

21 -.4526686 .1453776 -3.11 0.002 -.7376034 -.1677338

22 -1.761767 .115491 -15.25 0.000 -1.988125 -1.535409

23 -.3321685 .114413 -2.90 0.004 -.5564138 -.1079231

24 .5099993 .1213689 4.20 0.000 .2721206 .747878

25 .0078887 .1614741 0.05 0.961 -.3085947 .324372

26 -1.216204 .1361066 -8.94 0.000 -1.482968 -.9494395

27 -1.562723 .1487967 -10.50 0.000 -1.85436 -1.271087

28 .3697243 .1867938 1.98 0.048 .0036152 .7358333

29 -2.525663 .1894569 -13.33 0.000 -2.896991 -2.154334

30 .2450275 .1031751 2.37 0.018 .042808 .4472471

31 -1.2957 .180464 -7.18 0.000 -1.649403 -.9419971

32 -2.149513 .0998581 -21.53 0.000 -2.345231 -1.953795

33 -3.026274 .119929 -25.23 0.000 -3.261331 -2.791218

34 -1.065372 .1313386 -8.11 0.000 -1.322791 -.8079528

35 -15.72749 .3634951 -43.27 0.000 -16.43993 -15.01506

_cons -15.92753 3.836001 -4.15 0.000 -23.44595 -8.409106

Once final demand of EU28 products is estimated for year t, Input-Output Analysis (IOA) come into

play. As it is explained afterwards, IOA with trade requires not only domestic products final

demand variation, but also other regions’ change. To sum up, final demand in MEDEAS-Europe

relies on inputs provided by an exogenous change in total final demand. Then, income is

calculated to provide the inputs for the final demand function, which distributes this change in

total final demand amongst the 35 industries. Finally, these sectoral changes activate IOA, which

provides the model with the sectoral production required to satisfy the demand. The purpose of

the following section is to explain that process.
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2.2.3.2. Input-output analysis

Trade is a key issue in MEDEAS-Europe and the main difference with the Economy module in
MEDEAS-World (Deliverable 4.1). Input-Output Analysis (I0A) is rather different between a one-
region Input-Output Table (IOT) and a two-region IOT. Not only the accounting balances are
different, but also the procedure needed to be carried out for estimating the main aggregates.
Figure 32 shows the general structure of both approaches, which consists of two regions (R and S),

and industries by rows (sales) and columns (purchases), i and j respectively.

World 10T 2-Region 10T
zZij D" |x{" A Zrs prr | pre X
VA;T ST SS ST SS SS
zg zZs DFT | DFS | X
™"
Xj
VAT VASS
T SS
Xj Xj

err/ss_

i Intrarregional (region R/region S) Intermediate Consumption; Z;;’: Intermediate exports (R=>S).

r7r/ss

Zj7 : Intermediate imports (S>R); D; *™": Intra-regional Final Demand (region R/region S).

D{*: Final products exports (R=S); D;"Final products imports (S>R).

VA;T/SS: Value added (region R/region S); X].TT/SS: Production (region R/region S).

Figure 32. General structure of World and 2-region Input-Output Tables.

In order to provide a more comprehensive picture of the most relevant economic flows from the
European Union 28 (EU28) point of view, the 2-region IOT (2RIOT) has been redesigned (Figure
32). The EU28 IOT has been compiled on the basis of the deflated interregional 10T, which includes
the European Union 27 (EU27) countries, 13 other major economies and a Rest of the World
(RoW) region. Thus, a systematic process was implemented to obtain the EU28 I0T, comprising
three stages for each year in the time series (1995-2009): i/ rearranging the interregional World
IOT (WIOT) to put together the EU27 countries both intermediate consumption and final demand;
ii/ balancing intermediate and final products purchases and sales between EU27 countries; iii/
apply the previous stage to the other countries to obtain RoW; iv/ add Croatia to EU27 to
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transform it in EU28 and deduct it in the new RoW region. Once this process is fulfilled, we have a
2RIOT consisting of EU28 and RoW, with different sub-matrixes taking into account the bilateral
economic flows between the two regions (Figure 33).

EXPORTS = i EEEEE

IC FD

IMPORTS RoW IMP | RoW 'y RoW
IC IC FD FD |t

RoW
VA

RoW
Xj

EU28,./RoW,c: Intrarregional  (EU28/RoW) Intermediate = Consumption; EXP,.:  Intermediate  exports
(EU28>RoW). IMP,.: Intermediate imports (ROW—>EU28);

EU28/RoWg: Intrarregional Final Demand (EU28/RoW). EXPgp: Final products exports (EU28>RoW); IM Py, : Final
products imports (ROW—>EU28).

EU28/RoW ,

VAEVZE/ROW. \ralue added (EU28/RoW); X; * Production (EU28/RoW).

Figure 33. General structure of EU28-Rest of the World (RoW) Input-Output Matrix.

Since WIOT does not account for commerce, accounting balances are very simple. Gross Domestic
Output (GDP) in each 10T is therefore obtained differently. According to the Input-Output
methodology, output for each industry can be derived both from supply and demand side. The
former is the addition of all intermediate products purchased by the industry plus the value
added. The latter can be obtained by adding both intermediate and final products sold by the
industry to the other industries and the institutional sectors of the economy respectively. In a
2RIOT, it implies adding trade to both of them. For each region, output from the supply side
requires including intermediate product imports and, from the demand side, intermediate and
final product exports (Eq.7-8).

X" =Z{[+Z + VA" (7)
X{" =Z{{+Z7+D{"+D[* (8)
Thus, considering that Xj" = X/, we can establish that:
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ZI+ Z7+ DT+D =2 + 27 + VA]T 9)
And, therefore, rearranging:
Y — rs rr rs ST
VAT = ZI5+ D" +D]S- Z§] (10)

Finally, we can calculate GDP using Eq.10. through the production approach (GDP = )V A1). Thus,
GDP in a 2RIOT can be obtained as the sum of final products, domestic and external (exports)
demand and intermediate products trade balance (exports less imports). It is worth to mention
that imports of final products are included implicitly in the equation. However, since final products
imports are included in the demand made by EU28 institutional sector, then they have to be
subtracted if GDP wants to be calculated. Thus, both values are cancelled. Therefore, for the sake
of simplicity, imports are not required to calculate each region GDP (see Table 26). Nevertheless, it
is worth to mention that in the EU28 10T, final products imports made by the EU28 (IMP.,) are
equal to the final products exports made by RoW region. Consequently, as described below, they
are a crucial variable to derive the output variation after a demand shock in the I0A applied to a
2RIOT.

Table 29. GDP measure in different 10Ts by approach Source. Source: Own elaboration.

ZTT ATT DTT

World IOT X
2-region 10T X" —Zi] —Zij VA" Z{7+D{"+D{*- Zi]
EU28 10T XFU% — EU28;c — IMPy¢ vAZUze EXP,c + EU285p + EXPpp — IMPy

1 Since Value Added is also the sum of labour compensation (LAB), capital compensation (CAP) and taxes less subsidies
on products (TAX), we can also define GDP from the income approach as the VA (see Table 26).
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2.2.3.2.1. General framework of trade within input-output table

Including trade in the Input-Output framework requires making some changes in the classic
equations. What remains unchanged is the demand-led evolution of the economy. In I0A,
regardless of the number of regions involved, a demand shock leads to a response in the output
necessary to satisfy it. This response shall be different attending to the economy’s structure and
the underlying technological assumption provided by technical coefficients. Technical coefficients
measure the amount of inputs (nationally produced or imported) required to produce 1 unit of
output. These values are collected in a matrix named A matrix. Meanwhile in a WIOT there is only
one technical coefficient’s matrix, the number of sub-matrixes increases exponentially with the
number of regions included in the multiregional IOA. There is an A matrix for each purchase matrix
following this relationship due to the squared shape of IOTs (Eqg. 11):

Being N, the number of A sub-matrixes and N, the number of regions. Thus, in a 2RIOT the
number of sub-matrixes required is 4, as schematically expressed in Figure 34. Given this
definition, technical coefficients must be read in terms of purchases (columns). Hence, the EU28
technical coefficients are the intermediate products purchases made by EU28 industries from
EU28 industries (EU28,.) and abroad (IMP;;). The same applies to the RoW technical coefficients,
because their imports are the EU28 exports (EXP;:). The dimensions of this squared A matrix with

trade are imposed by the number of industries and regions (Eq. 12):
Dy =N, * N (12)

being D, the dimensions of the A matrix and N the number of sectors. In our EU28 10T using
WIOD (Dietzenbacher et al., 2013) as explained before, the A matrix is a 70x70 (D4 = 2 * 35)

matrix encompassing 4 different submatrixes.
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EXPORTS
IC
ATS
IMPORTS RoW A =
IC IC r
AST‘ ASS
Row
. AT

+r Intermediate inputs produced in EU28 required for EU28 production.
rs: Intermediate inputs produced in EU28 required for EU28 exports.

o Intermediate inputs imported by EU 28 required for EU28 production.

* I - NN

ss: Intermediate inputs produced in RoW required for RoW production.

Figure 34. Schematic framework for A sub-matrixes in a 2-region 10T.

In this way, MEDEAS-Europe has 4 A sub-matrixes: one for EU28 intermediate consumption
without imports (4,,), two for EU28 imports (As,.) and exports (4,s) and another one for
intermediate consumption made by countries from RoW inside their boarders and in other
countries from RoW region (Ag). On one hand, A,,- and Ay, are the inputs intensity required by
EU28 industries to produce its output, purchased to other EU28 industries or RoW industries
respectively. On the other hand, A, and A, are the domestic and external purchases required by
RoW industries per unit of output. With that in mind, IOA with trade differs from IOA without
trade in the number of sub-matrixes included in the A matrix. Hence, since trade and economic
structure in the other regions matters, obtaining production in each region implies using the
interregional sub-matrixes as a whole, following the classic IOA equations (13-15):

X=Z+D (13)
A=Z*3 1 >5X=AX+D->X=(U—-A)"1*D (14)
(I-A)1=L->X=Lx*D (15)

where X is a column vector representing EU28 and RoW production, Z a matrix consisting of the 4-
intermediate consumption sub-matrixes, and D a column vector with the final demand of each

1 is the inverse

regional product (domestic demand and exports) made by both regions. X~
diagonal matrix of X, A is the interregional A matrix, | the identity matrix and L the new

interregional Leontief Matrix.
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As |OA objective is to estimate production in a region, for instance in the EU28 case, it is important
to understand that the relevant Final Demand here is the demand of EU28 products made by EU28
(domestic demand) and RoW (final products exports) agents (Miller and Blair, 2009) . This Final
Demand is explicitly explained in section 2.2.3.1. Therefore, the new interregional Leontief Matrix
(L) consists of 4 sub-matrixes, analogous to those from the interregional A matrix. Interregional L
interpretation differs from that of the one region L. The final step for obtaining production in IOA
with trade, requires the interregional L matrix and the vector column formed by each region’s final
demand, as in Eg. 15 and Figure 35 for EU28.

Leontief Matrix (ixj) x —
RoW RoW
FD X

Figure 35. Obtaining EU28 production in the 2-region Input-Output Analysis.

In order to better understand the L matrix interpretation and, therefore, how the IOA with trade
works in MEDEAS-Europe, we can follow a simplified example with 3 sectors, 2 regions and
aggregated final demand (including all institutional sectors and exports). First, we have the
complete 10T with its economic flows (Figure 36) and then, the interregional A matrix (Figure 37) is

obtained by dividing each submatrix by its industry output (by columns).

92

98

70

91
101
78

VA 49 47 30 60 40 40

X 92 98 70 91 101 78
Figure 36. Input-Output Table (2-region example).

Both the A-Matrix and the Leontief Matrix have the same dimensions (6x6) and number of sub-
matrixes (4) following Egs. 11-12. According to this example, sector 1 in EU28 would require
0.2717 units of input from domestic sector 1 and 0.0652 units of imported sector 1 intermediate
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products, per unit of output. Likewise, for the same sectors, RoW require 0.0879 units of imported
intermediate products and 0.1648 of domestic inputs to produce one unit of output. Therefore,
the RoW structure determines the EU28 exports and thus, the EU28 production (and vice versa).
This is the reason why we need external economic structure and demand to estimate EU28

production.

Ars

0,2717 0,2041 0,1429 0,0879 0,0297 0,0128
0,0543 0,1224 0,1286 0,0110 0,0891 0,0256
0,0109 0,0408 0,1000 0,0110 0,0198 0,1282
0,0652 0,0204 0,0286 0,1648 0,1980 0,0385
0,0543 0,1020 0,0143 0,0440 0,2178 0,0513
0,0109 0,0306 0,1571 0,0220 0,0495 0,2308

Asr Ass

Figure 37. A matrix (2-region example)

Finally, the Leontief matrix (Figure 38) provides a measure of the production sensitivity to final
demand changes, both domestic and external (exports). For instance, in this example, EU28 sector
1’s production increases 1.4340 for one additional unit of final demand for their products and
0.1476 of imported units from the same sector. Similarly, if RoW demand is increased in one unit,
exports made by EU28 grows by 0.1709 and 1.2365 inside the region.

L-Ars

1.4340 0.3735 0.3074 0.1709 0.1548 0.1065
0.1095 1.1976 0.2079 0.0409 0.1619 0.0892
0.0331 0.0765 1.1645 0.0283 0.0594 0.2026
0.1476 0.1112 0.1028 1.2365 0.3407 0.1078
0.1257 0.1954 0.0925 0.0906 1.3382 0.1178
0.0437 0.0843 0.2594 0.0510 0.1166 1.3571

L-Asr L-Ass

LA,,: Region R’s production sensitivity to final demand of Region R products.
LA,: Region R’s production sensitivity to Region S intermediate demand of imports.
LA,,: Region S’s production sensitivity to Region R intermediate demand of imports.

LA: Region S’s production sensitivity to final demand of Region R products.

Figure 38. Leontief matrix (2-region example).

Hence, IOA with trade not only shows the direct and indirect effects on production due to final
demand and other industries’ requirements (economic structure), but also the direct and indirect
effects due to other regions’ final demand and economic structure. So, the IOA with trade shows
that in an interrelated global economy, production in one region depends not only on domestic
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demand but also on foreign demand. Moreover, it shows that the products that one region
demands from the rest of the world have to be produced according to their economic structure,
which is rather different from domestic one. Particularly, this characteristic allows estimating the

energy footprint of trade, as explained below.
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2.2.3.2.2. Input-output analysis with trade in MEDEAS-Europe

The analytical framework described before has to be translated into system dynamics language.
The simplified influences diagram for IOA with trade in MEDEAS-Europe is shown in Figure 39.

Leontief Matrix

<Real RoW demand of
EU products (exports)> . . .
e - Domestic Demand . Final energy intensity by
<IC exports EU> by sector Total dome§t1c sector and fuel EU
L - output required
Real demand by <Output required for ——m,
" sectorEU ’ exports by sector> Total output
/S required by sector

Required final energy by

Real domestic sector and fuel EU

demand by sector EU

GDP by sector \

<IC imports EU> Real demand Energy scarcity
feedback shortage coeff
TA Matrix EU
Real::ct?(l)fgtgut by CC impacts feedback
/ shortage coeff
\jal total output by

fuel and sector

Real final energy by
sector and fuel EU ~g_

Figure 39. Simplified influences diagram for Input-Output Analysis in MEDEAS-Europe.

Final demand changes exogenously according to the IPCC SSPs (IPCC, 2013) and this variation is
distributed amongst sectors in accordance with the final demand function described in section
2.2.3.1. Production in each region is committed to satisfy domestic and foreign, both intermediate
and final, demand, that is, domestic intermediate and final consumption and intermediate and
final products exports. So, EU28 production depends on domestic and foreign final demand of
EU28 products and its production sensitivity to changes in them (L4,,). Moreover, we know that
final demand of RoW products is satisfied by RoW production which, in turn, requires the import
of intermediate inputs from EU28. Thus, the EU28 production is also affected by the final demand
of RoW products and the RoW’s production sensitivity to EU28 intermediate demand of imports
(LA,5). The result of the addition of both direct and indirect effects (see Eq.16) is the production in
EU28.

XEU28 — FDEUZS % LATT + FDROW * LATS (16)

With FDEU28/ROW peing the total final demand for each region (both domestic and exports) as
defined in final demand section. It is worth to mention that final demand of RoW products is
calculated as the difference between the world’s final demand and EU28’s. The former is loaded
directly from MEDEAS-World and the latter has been previously calculated in the model, as
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explained in section 2.2.3.1. In this way, MEDEAS-Europe economy module is nested into the
MEDEAS-World model. The first and second terms in Eq.16 are calculated separately, providing
the model with the ‘Total domestic output required by sector’ and the ‘Output required for
intermediate exports by sector’. Once aggregated, EU28 production is collected in variable ‘Total
output required by sector’. Then, the model continues with the energy-economy feedback, as
explained in the following section. Basically, production and demand are forced to adapt to final
energy availability, since in MEDEAS the economic system is subject to biophysical constraints.
Hence, if energy scarcity appears, production has to be shorten throughout the process explained
in the following section. Once this adaption is completed (if that is the case), the final demand
satisfied by this reduced production has to be necessarily lower. In order to respect the economic
structure given by the A Matrix, an inverse process to that showed in Egs.7-9 has to be followed.
In essence, Eq. 13 must be solved for final demand (D) and not for production (X), resulting in
EqQ.17:

D=(—-A)*X (17)

(I — A) matrix follows the same rules as the L and A Matrixes for its size and number of sub-
matrixes (see Eqs.11-12). However, there is no significant economic meaning of each submatrix.
By pre-multiplying (I — A) by the column vector of new productions (both EU28 and RoW), the
column vector of final demand is obtained.

Once the feasible or ‘real final demand’ is estimated, we translate this variable into GDP, by
adding intermediate exports (Z;;’) and subtracting intermediate imports (Z;j), following Eq.4.
These figures are calculated multiplying both EU28 and RoW productions (XV?® and X[°") by Ag,
and A,. We know that EU28 total imports (both intermediate and final) are produced in RoW and
all EU28 exports are produced inside its borders. Given that, by multiplying RoW and EU28 energy
intensities (energy consumption per unit of output) by imports and exports respectively, MEDEAS-
Europe is able to estimate the energy embedded both in imports and exports. Finally, by
subtracting energy embedded in imports from energy embedded in exports, the model estimates
the energy balance of trade or the energy trade footprint of EU28.

After that, the EU28 energy footprint can be estimated, as explained in section 2.7.3.
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2.2.3.3. Income

Previous section 2.2.3.2. has established the definitions for GDP in an economy with external
sector. While at the world level this definition is right: GDP=3VA=FD; at interregional level, one
chain is not: GDP=3}VA#FD. That implies that exogenous GDPpc growth scenarios are no longer
valid to directly initiate the economy module. Since GDP is now defined (demand approach) as in
Eg. 10, the only difference with GDP at the world level is the inclusion, in addition to total final
demand, of the trade balance for intermediate products. For the sake of simplicity and, after
observing that both final demand and value-added growth are highly correlated, it has been
assumed that GDP growth is the same as final demand growth rate. Figure 40 shows that the
differences between both variables are negligible, according to the data from WIOD
(Dietzenbacher et al., 2013).

6.00%
2.00% = \f/‘\/\\

0'm% T T T T T T T T T T T T T 1
199 6 199 9 2000 200 > 200, ” 200 6 2¥ "
-2.00% \
-4.00%

-6.00%

——FDgrowth ——VAgrowth

Figure 40. Final demand and value added growth in EU28 (1996-2009).

Moreover, if we estimate the ratio between them, the mean is approximately 1. Therefore, it is
reasonable to assume that Value Added growth, i.e., GDP growth is equivalent to final demand
growth. This assumption allows us to connect SSP scenarios with MEDEAS-Europe easily and

ground them on empirical data (table 30).
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Table 30. Final demand and value added growth and their ratio. Source: own elaboration with data from WIOD
(Dietzenbacher et al., 2013).

_ FD growth/VA growth FD growth VA growth

1995
1996 0.927 1.79% 1.93%
1997 0.864 2.58% 2.99%
1998 1.153 3.49% 3.02%
1999 1.042 2.89% 2.77%
2000 1.097 4.38% 3.99%
2001 0.980 1.72% 1.75%
2002 0.672 0.36% 0.53%
2003 1.060 1.54% 1.45%
2004 0.858 2.27% 2.65%
2005 0.926 2.21% 2.39%
2006 0.924 3.57% 3.86%
2007 0.951 2.79% 2.93%
2008 1.598 1.16% 0.72%
2009 1.028 -5.00% -4.87%
Mean 1.0057 1.84% 1.87%
Standard Deviation 0.2003 0.0215 0.0211

While at the world level it was assumed that gross value added was at cost factor —including taxes
less subsidies on production-, here it is disaggregated. Income shares have been estimated using
Eurostat data. This made possible not only to obtain labor and capital shares, but also the GDP
share on production taxes. Taking gross domestic product (income approach) for EU28 labor
compensation (LAB), capital compensation, gross operating surplus, mixed income (CAP) and net
taxes on production (TAX) can be used to estimate functional distribution for the period, as in
Figure 41.
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Figure 41. Functional income distribution EU 28 (1995-2015).

Given that now TAX is included, we cannot assume that a.,,=1-0;4,. Because of this, scenarios

after 2015 must be estimated for both labor and capital shares.
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2.2.3.4. Energy-economy feedback

Most energy-economy-environment models consider economic growth to be independent from
biophysical limits. In the MEDEAS framework, economy cannot trespass the boundaries set by
nature. The Economy module is subject, at least, to an indirect and a direct feedback from the
whole system. The indirect feedback is provided by the impacts of the emissions, as described in
section 2.5. As the direct feedback for the economy module comes from the energy module, it is
worth to focus here in this relationship, a key point of the model.

Once the production required to satisfy demand by sector is calculated as described in previous
sections, the final energy required to satisfy demand is obtained by the Egs. 18-19.

[,=fz1=(" O\ (e O i€1..35;j€1..5 1

L e (% Ie,nn)' i€1..35j€1.. (18)
Xn

E=1,x=1, xL D (19)

Let & be the diagonal matrix of energy coefficients and E the diagonal matrix of total final energy
demand (FED) by industrial sector (i) and final energy source (j). The energy coefficients stand for
the energy intensities by sector and final energy source. World final energy consumption (FEC) by
sector and energy source is collected from WIOD environmental accounts (Genty et al., 2012) and
balanced with the International Energy Agency accounts. By pre-multiplying production by the
energy coefficients (intensities), the model estimates the final energy required to satisfy demand.
At this point, the energy demand of the economic system has to be compared with the energy
available to supply it. Thus, FED required satisfying economy demand by sector and final energy
source is compared with the final energy supply (FES) by source (Figure 42).

ECOHOTEY (10T) _Final energy consumption  Final energy
required " consumption
by source

Population

Figure 42. Energy-Economy feedback in MEDEAS.

Then, scarcity on one source can force the industrial sectors relying on this source to demand
substitutive final energy types in the proportion established by the supply-demand gap. A shortage
coefficient for each final energy source is calculated as a ratio between the FES and FED. In this
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model version, we consider that the scarcest final energy source is the one that conditions the
sectorial production process, following the approach of “limitant factor” applied in (Capellan-Pérez
et al., 2015; de Castro, 2009). This shortage coefficient equals 1 when final energy consumption
(FEC) satisfies demand, i.e. there is no supply restriction. In the case that energy demand is higher
than energy supply, energy consumption matches the energy supply and the shortage coefficient is
lower than 1, reducing the proportion of energy demanded which is actually consumed by each

sector.

For each time period (Egs. 20-23):

FES;
shortage coef ficient; = FDJ- (20)
J

= 1: no energy constraints

If shortage coefficient;j
<1: energy constraints of fuel j

ShC = MIN (shortage coef ficient;) (22)

Subscript i stands for the usual 35 industrial sectors plus household’s final energy consumption and
subscript j for the different final energy sources considered in MEDEAS. Finally, the energy limits
transfer to the economy throughout an inverse Input-Output Analysis (IOA). Taking the inverse of

energy intensity (Te_lij) and the final energy actually consumed (E';;), feasible production is

obtained (X';). Then, a set of feasible productions according to each final energy source is collected
(Egs. 24-25). The model is programmed to choose the minimum feasible production, as the
scarcest final energy source is what limits the most, being consistent with the complementarity
approach above mentioned.

«E'j = X', (24)
X' = Min (X';) (25)

Finally, the inverse process followed (from FD to X) takes places (from X’ to FD’) as described in the

following equations (Egs. 26-27):
X' =AX+ FD' (26)
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FD' = X(I — A) (27)

In the model, this feedback is present not only at this level, but also for all relevant variables,
which include ‘not covered’ as an addendum. For each variable included, the not-covered variables
guantify the gap between the value of that variable with and without the feedback. Hence, when
the energy demand is lower than the energy supply, not-covered variables equal 0. Contrarily,
when there is energy scarcity, not-covered variables need to gather the quantities that should not
be added in the subsequent periods. If they were not included, the feedback would only apply in
the year when it appears, not responding dynamically in later years.

In the current version of MEDEAS, economy module is feedbacked by the energy availability (as
well as indirectly by climate change impacts and EROI), obtaining a more realistic approach in the
energy-economy-environment modelling. Without feedback between energy and economy, energy
demand shall grow exogenously not taking into consideration availability of resources (Capellan-
Pérez et al., 2016; HO0k and Tang, 2013; Wang et al., 2017). The underlying assumption here is
that this availability of resources matters, and that the functioning of the real economy depends
on it. Thus, these models tend to look for an optimum energy mix regardless its supply availability
—even though they usually take into consideration efficiency gains. Conversely, the energy-
economy feedback provides a result that is not often taken into consideration in other IAMs.

As highlighted before, economic structure matters in MEDEAS. Each industrial sector has a
different sensitiveness to final energy consumption by source. These are collected in Table 31 and,
in Interregional Input-Output, for domestic production oriented to satisfy domestic demand are
calculated as I, L,,L: diagonal matrix of energy intensities by sources ‘k’ times Leontief Matrix
(upper-left quadrant). This represents the amount of final energy required to satisfy changes in
final demand in monetary terms. For instance, we can see how sensitive is the consumption of
fuels by sector 1 (Agriculture, Forestry, Hunting and Fisheries) to changes in demand. If demand of
sector 1 rises in 1 million USS, there will be needed 1.26 EJ of electricity in order to satisfy it. Or
how much fuel must be demanded by transport sectors (24 and 25, inland and water transport) in
order to satisfy an additional USS of demand. Sector 24 (inland transport) would require 26.14 EJ
of fuels and sector 25 (water transport) 27.52EJ.

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F+34932309555

74



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

Table 31. Sectoral final energy sensitiveness by sources (EJ/million 1995 USS). Source: own elaboration.

Sectors Electricity Liquids Solids
1 1.260 0.728 0.162 3.922 0.750
2 1.991 5.393 0.310 2.298 1.851
3 1.252 0.944 0.251 2.333 1.735
4 1.445 0.775 0.339 1.564 1.078
5 1.026 0.657 0.216 1.806 0.877
6 1.587 0.875 0.339 2.328 2.394
7 1.900 1.052 0.433 1.609 2.528
8 1.471 3.206 0.938 9.343 1.243
9 2.375 2.233 0.896 2.571 1.736

10 2.742 1.789 0.461 2.976 3.303
11 2.945 2.656 0.265 3.247 10.007
12 3.584 2.056 0.401 1.599 4,292
13 1.324 0.772 0.183 1.288 1.195
14 0.901 0.527 0.116 1.047 0.701
15 1.288 0.780 0.198 1.367 1.116
16 1.834 1.395 0.362 2.896 2.177
17 3.996 3.934 0.367 1.394 3.471
18 0.905 0.674 0.119 1.810 1.374
19 0.767 0.458 0.102 1.353 0.396
20 0.571 0.391 0.104 1.578 0.299
21 0.841 0.468 0.092 1.649 0.307
22 1.326 0.794 0.137 1.913 0.908
23 0.878 2.078 0.096 7.718 0.391
24 0.377 0.320 0.081 26.139 0.227
25 0.459 0.452 0.116 27.520 0.300
26 0.876 0.581 0.171 5.126 0.355
27 0.562 0.425 0.068 1.043 0.229
28 0.389 0.211 0.050 0.740 0.158
29 0.455 0.203 0.073 0.389 0.189
30 0.492 0.317 0.066 1.134 0.252
31 0.842 1.039 0.089 1.430 0.340
32 0.965 0.388 0.102 1.226 0.293
33 0.736 0.419 0.106 1.317 0.335
34 0.881 0.515 0.144 1.724 0.415
35 0.000 0.000 0.000 0.000 0.000

Finally, it is worth a brief comment on the evolution of energy intensities, described in detail in
section 2.2.4. The historical data observed shows that even though sectoral energy intensities are
slightly declining, they have remained more or less stable over time. However, different changes
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may occur due to energy efficiency gains and change of energy technology in a sector. For the
moment, energy intensities evolve following their trends but further developments could estimate
the parameters to introduce the mentioned dynamics.

MEDEAS-World does not use trade, since all the energy consumed was produced at the same
regional level. Thus, net energy final consumption could not trespass the biophysical boundary
imposed by energy availability in the same region (the entire world). However, for the MEDEAS-
Europe model it is not that simple. Boundaries can be artificially trespassed thanks to international
trade, i.e. EU28 is able to consume more energy than it produces. Actually, this is the current
situation for Europe and one of the main vulnerabilities in the context of world energy depletion.
Hence, in order to take into account global limits on energy consumption, different scenarios can
be applied. They are summarized in Table 32.

Table 32. Energy-economy feedback under different scenarios. Source: own elaboration.

No limits EU28 can import energy limitless.

Current shares EU28 can import energy at current levels.

Fixed share EU28 can import energy with a user-fixed level.
World scarcity->EU28 scarcity MEDEAS-World scenarios impose scarcity to EU28.

In the ‘No limits’ scenario, there is no restriction for EU28. Thus, EU28 is allowed to import as
much energy as it needs to consume, even if that means consuming 100% of the world’s energy
for each type. By contrast, the three other scenarios impose boundaries to energy consumption.
‘Current shares’ implies that, for each final energy source, EU28 can import no more than the
current proportion of EU28 consumption over the world supply. ‘Fixed share’ lets the user to fix
that proportion at will, regardless of current levels. Finally, there is the option to link MEDEAS-
World results to MEDEAS-Europe. In this option, when energy scarcity appears at the world level,
EU28 automatically starts to demand less energy in a determinate proportion. Even though that
may sound like the most appropriate option, there might be no reason to assume that Europe is
going to suffer scarcity even when the rest of the world is facing scarcity. Rather, EU28 could keep
on consuming a higher proportion of world’s energy as it can be stated in the ‘No limits’ and ‘Fixed
shares’ scenarios. How the energy consumption is distributed amongst regions is also a measure

of equality and has deep implications on the issue of a fair transition.
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2.2.4. Modelling of final energy intensities

In the world model, a method for calculating the final energy demanded to avoid double counting
was developed. In the European model, due to the available data and trade exchanges, this
method cannot be used.

Therefore, in the case of the European Union, we will calculate the energy consumption by final

source, as it is explained below:

1. First, we need to compare the data calculated for the world (without double counting) for
liquids, gases and solids with the original data taken from WIOD.

2. Through this sectoral and annual comparison of both values, we calculate a percentage
that represents the variation.

3. The next step will be to calculate the average percentage for each sector over time.

4. Once we have these percentages calculated, we apply them to each sector for liquids,
solids and gases, and so we calculate the energies in final source for the European Union
without double counting.

After calculating the energy consumption for liquids, gases, solids, heat and electricity for the
European Union we calculate the energy intensities following the same methodology as we did for

the world, taking into account the data calculated previously.

The following figure shows an example of final energy intensities in some sectors for electricity
(Figure 43).

” Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555

77



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

Final Energy Intensities for Electricity in the European Union
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Figure 43. Historical evolution of electricity intensity by sector
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2.3. Energy and infrastructures module

This part of the deliverable documents the estimation of energy demand (section 2.3.1), the
energy supply (section 2.3.2), the energy resources availability in MEDEAS-EU (non-renewable
resources in section 2.3.3. and renewable-resources in section (section 2.3.4Error! Reference
source not found.), and the modelling of transport (section2.3.5). Primary energy in the model
refers to the direct equivalent method.?

2.3.1. Estimation of energy demands

Methodology used for the estimation of energy demands in the MEDEAS-EU model is similar to
the one employed for estimations in the MEDEAS-World model. Here, we include just a summary
of main aspects. Deliverable 4.1 contains more detailed information.

2.3.1.1. Historic final demand

The WIOD database at the European level is the main source used to estimate the historic final
energy data by fuel in order to match with the economic structure of the model. MEDEAS-EU
aggregates the final energy sources in five categories: solids, liquids, gases, heat and electricity.
The aggregation is performed using the WIOD database sources (Dietzenbacher et al., 2013;
Timmer et al., 2012), which ultimately was built from the IEA database (IEA, 2016).

For the estimation of the 5 MEDEAS-EU categories of final fuels, the energy variable “Energy use,
emission relevant” from WIOD energy data has been used with corrections, i.e., subtraction of
energy associated to electricity/heat generation in order to avoid double counting.

2 There are three alternative methods predominantly used to report primary energy. While the accounting of
combustible sources, including all the fossil energy forms and biomass, is unambiguous and identical across the
different methods, they feature different conventions on how to calculate primary energy supplied by non-
combustible energy sources, i.e., nuclear energy and all renewable energy sources, except biomass. The direct
equivalent method counts one unit of secondary energy provided from non-combustible sources as one unit of
primary energy, that is, 1 kWh of (useful) electricity or heat is accounted for as 1 kWh = 3.6 MJ of primary energy. For
more information see Annex Il of (IPCC, 2011).
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2.3.1.2. Adjustment of energy demands to account for all non-
commercial heat

In Deliverable 4.1 (section 2.3.1.3), the need for adjusting the demands of fuels to account for all
non-commercial heat was justified in order to promote policies of substitution of non-renewable

fuels by renewables sources in the heat sector.

The approach of MEDEAS-EU consisted on applying the global and static results from (IEA, 2014)
which concluded that for the year 2011:

e More than 40% of primary energy supply of natural gas is used for heat production in
industry and buildings.

e Around 20% each of world primary supply of coal and oil are also used for heating.

e Qut of the 54 EJ of primary bioenergy supply in 2011, more than 80% were used for heat
production in buildings, and a smaller amount (15% of the total) was used in industry.

A sectorial approach was thus not possible given the lack of available data. Thus, the total final
energy demands for heat, solids, gas and liquids were modified accordingly assuming that the
share of non-commercial heat in relation to the TPES of each source is maintained constant in the

future (although this parameter can be modified by the user).
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2.3.2. Energy supply in MEDEAS-EU

In MEDEAS-EU primary total energy demand is covered with different primary energy sources (see
Table 33.).

Table 33. Sources of energy supply in MEDEAS-EU. Natural gas refers to both conventional and unconventional.
Oil refers to both conventional and unconventional.

MEDEAS final energy category | NRE / RES Energy source modelled in MEDEAS

Coal

Peat

Charcoal

Waste

Primary solid biofuels (modern)

Primary solid biofuels (traditional biomass)

NRE
Solids

RES

NRE Conventional oil

Liquids Unconventional oil
RES Biofuels (different generations and technologies)
NRE Conventional gas

Gases Unconventional gas
RES Biogas

Natural gas

Oil

Coal

Uranium

Hydro

Geothermal

Solid bioenergy

Oceanic

Wind onshore

Wind offshore

Solar PV

Solar CSP

Coal

Natural gas

Oil

Waste

Geothermal

Solar

Solid biomass

Biogas

NRE

Electricity

RES

NRE
Heat

RES
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Although in practical terms heat can be demanded at different temperature levels (IEA, 2014),3 for
the sake of simplicity, in this model version all heat demand and supply is aggregated.

3 Heat-temperature ranges are typically defined as low (<100 degrees Celsius [°C]), medium (100°C to 400°C) and high
(>400°C). Temperature levels are important to define the suitability of different supply technologies to meet specific
heat requirements in the various end-use sectors (IEA, 2014).
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2.3.3. Non-renewable energy resources availability

MEDEAS-EU considers the following non-renewable primary energy resources:

e Conventional oil: refers to crude oil and NGLs.

e Unconventional oil: includes heavy and extra-heavy oil, natural bitumen (oil sand and tar
e sands) and oil shales, and biofuels.

e Conventional gas.

e Unconventional gas: includes shale gas, tight gas, coal-bed methane (CBM) and hydrates.
e Coal:includes anthracite, bituminous, sub-bituminous, black, brown and lignite coal.

e Uranium.

As explained with more detail in the section 2.8 of deliverable 4.1., we assume that the
technologies which claim that they could increase the fissile material by 50 to 100 times, like fast
breeders and the so-called fourth generation reactors, will not be available in the next decades.
Nuclear fusion is not considered since the ITER and DEMO projects estimate that the first
commercial fusion power will not be available before 2040 (http://www.iter.org). This would

prevent this technology from substantially contributing to the energy mix in the timeline of
MEDEAS.

2.3.3.1. Modelling of primary non-renewable energy resources
in MEDEAS-EU

The availability of non-renewable energy resources in MEDEAS-EU depends on two constraints:

e Stock (available resource in the ground), ie., energy (Joules),

e Flow (extraction rate of this resource), ie., power = energy/time (Watts).

Figure 44. 44 illustrates the depletion over time of a non-renewable resource stock (cumulative
extraction, grey dashed line) through flows (depletion curve, black solid line) in the absence of
non-geologic restrictions (Kerschner and Capellan-Pérez, 2017). The maximum flow rate is reached
much earlier than the full depletion of the stock, at half the time assuming that the extraction rate

follows a logistic curve.
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energy/time

Flow
(extraction rate)

Time

Figure 44. Simplified representation of the depletion of a non-renewable resource in the absence of non-
geologic constraints. Stocks and flows of energy relative to time.
The available stock of a resource is usually measured in terms of ultimately recoverable resources
(URR), or remaining RURR (RURR) if referenced to a given year. The RURR in a given time t is
defined as the difference between the URR and cumulative extraction in time t (Eq. 28).

RURR, = URR — cumulative _extraction, (28)

In order to estimate the future availability of fossil fuels, we have reviewed the studies providing
depletion curves for non-renewable energy resources taking into account both stocks and flow
limits. These studies provide depletion curves as a function of time based by estimating the likely
extraction rate of wells and mines. Although at global level there are many studies(e.g. (Aleklett et
al., 2010; ASPO, 2009; EWG, 2013, 2008, 2007, 2006; Hook et al., 2010; Laherrére, 2010, 2006;
Maggio and Cacciola, 2012; Mohr, 2012; Mohr et al., 2015; Mohr and Evans, 2011, 2009; Patzek
and Croft, 2010; Zittel, 2012)), analyses focusing specifically on EU are scarce. For this reason, in
the standard version of MEDEAS-EU the three cases from Mohr et al 2015 were built from the
original dataset for the EU-28. However, any user can introduce any other curve and run a
simulation. These curves should not be interpreted as projections of the extraction of a given fuel,
but instead they represent curves of maximum possible extraction given the geological constraints

(ie., assuming no demand or investment constraints).

The depletion curves of non-renewable energies reviewed in the literature represent extraction

levels compatible with geological constraints as a function of time. Thus, to be incorporated as
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inputs in the model, these depletion curves must be transformed, since demand is endogenously
modelled for each resource. We assume that, while the maximum extraction rate (as given by the
depletion curve) is not reached, the extraction of each resource matches the demand. Actual
extraction will therefore be the minimum between the demand and the maximum extraction rate
(Figure 45. 45a). To do this, the depletion curves have been converted into maximum production
curves as a function of remaining resources (Mediavilla et al., 2013). In these curves, as long as the
remaining resources are large, extraction is only constrained by the maximum extraction level.
However, with cumulated extraction, there is a level of remaining resources that makes physical
limits binding and maximum extraction rates are gradually reduced. The model uses a stock of
resources (the RURR) and it studies how this stock is depleted depending on production, which is

in turn determined by demand and maximum extraction (Figure 45. 45b).

a b

demand

S

stock of resources

Extraction= min(demand; maximum_production)

Le
® 7
7’
s
’/
-

maximum production

Stock of resource in the ground

Figure 45. Integration of depletion curves in the model. (a) SD model. (b) A curve of maximum extraction (solid)
compared with the demand (dashed).
Each study follows its own assumptions to derive the depletion curves of each fuel, and these
should be carefully assessed before applying a depletion curve in the model by the users. The
following subsections review the depletion curves of non-renewable energy resources by fuel
found in the literature together with a brief discussion: oil (section 2.3.3.2.2), natural gas
(2.3.3.2.3), coal (section 2.3.3.2.1) and uranium (section 2.3.3.2.1). MEDEAS allows selecting a
diversity of depletion curves for each fuel (as well as considering a customized one or assuming

the unconstrained extraction of the fuel).

The maximum extraction curve does not allow capturing the flow constraints when the peak rate

of a fuel has not been reached. For this reason, unconventional oil & gas extraction is subject to an
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additional constraint that limits the maximum annual growth extraction rate to avoid unrealistic

growth extraction rates (see section 2.3.3.2).

2.3.3.2. Depletion curves by fuel

Studies elaborating depletion curves of non-renewable energy resources focusing on the EU are
scarce in the literature. MEDEAS-EU incorporates the 3 availability cases (Low, BG and High)
considered by (Mohr et al., 2015), reporting data at country level. Data at EU-28 level have been
obtained as an addition of the individual countries. The consistency of Mohr’s analysis at regional
EU level has been assured checking with BP 2017 data (BP, 2017).

Comment on the nomenclature of Mohr’ scenarios: we refer to Low-EU, BG-EU and High-EU given
that the regional ranking of availability in the study does not always correspond to the global
ranking (e.g. the Low-EU for unconventional oil does not correspond with the Low-global for that
resource). Also, a higher URR does not always imply a higher rate of power extraction.

2.3.3.2.1. Coal

Coal production during the 20th century amounted to over 10 EJ/yr (with a dramatic decline
during WWII), however since the early 1990s the production has declined declining dramatically
reaching values of around 7.5 EJ/yr (see Figure 45). Mohr projections consider that the future
production might increase slightly (Low and BG) or even double in the case of the High scenario to
reach around 15 EJ/yr (Figure 46).

Coal - UE

—BG-EU
—High-EU
Low-EU

—o—Historic

1900 1950 2000 2050 2100 2150

Figure 46. Coal historical extraction in UE-28 and 3 future availability cases (low, BG and high).
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2.3.3.2.2. Oil

Conventional oil dominates past extraction of oil in UE-28, with a peak between the end of 1980s
and end of 1990s at almost 8 EJ. Current production has fallen dramatically, mainly to geological
depletion in areas of high extraction (e.g. North Sea, UK and Norway (Capellan-Pérez, 2016)).
Future extraction is only considered to be able to be roughly maintained at current levels in the
most optimistic scenario (High-EU), which is well below the current consumption levels of liquids,
i.e.>22EJin 2015 (IEA balances) (Figure 47).
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Figure 47. Conventional oil historical extraction in UE-28 and 3 future availability cases (low, BG and high).

Similarly, unconventional oil could only play a significant role under the “high” scenario and
reaching a potential annual output of around 8 EJ, i.e. similar level to the maximum of

conventional oil in the region (Figure 48).
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Figure 48. Unconventional oil historical extraction in UE-28 and 3 future availability cases (low, BG and high).
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2.3.3.2.3. Gas

Mohr projections show a great agreement for the future availability of natural gas in EU, finding
that in all cases extraction will tend to decrease in the next decades (Figure 49).

Conventional gas - UE
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Figure 49. Conventional gas historical extraction in UE-28 and 3 future availability cases (low, BG and high).

There is great uncertainty in relation to the future geological availability of unconventional gas
resources in the EU, maximum projections ranging from a mere 1 EJ/year for the low scenario and
7 EJ for the High. In any case, these numbers are to be compared with the current consumption of

natural gas in the region, which amounts around 15 EJ/yr (Figure 50).
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Figure 50. Unconventional oil historical extraction in UE-28 and 3 future availability cases (low, BG and high).
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2.3.3.2.4. Uranium

Extraction of uranium has strongly declined in the last 2 decades in the EU, falling from over 2,000
tons of metal extracted in 1995 to less than 300 in 2015 (BGS, 2017). No studies for the potential
extraction of uranium at EU-level were found in the literature. Thus, given past trends and as a
first approximation, it is assumed that in the next decades the UE will only be able to domestically
extract the 2010-2015 average, the rest will have to be imported from the rest of the world (Figure
51).
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Figure 51. Historic production of uranium in UE (1995-2015).
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2.3.3.2.5. Depletion curves available in MEDEAS-EU

All the afore-mentioned curves are available as maximum extraction curves in MEDEAS-EU. Table

34 summarizes them.

However, we recall that these curves represent maximum extraction levels due to geological
constraints, and “above-ground” factors (i.e. social, political, economic, cultural, etc.) might limit
their actual constraints. In particular, the expansion of the extraction of unconventional oil from
USA to other regions of the globe is highly disputable (Murray, 2016). Also, the extraction of
unconventional gas implies a number environmental impacts (e.g. (Darrah et al., 2014; Howarth,
2015)). For these reasons, the by-default cases considered in MEDEAS-EU are “BG” for
conventional fuels (coal, conventional oil and conventional gas) and “Lo” for unconventional fuels
(unconv gas and unconv oil). The by-default cases considered in MEDEAS-EU are highlighted in
grey in the Table 34.

Table 34. URR for each fossil fuel resource and case (low, best guess and high) for EU-28 from (Mohr et al.,
2015). The by-default cases considered in MEDEAS-EU are highlighted in grey. Source: own work from (Mohr et
al., 2015).

Fossljues () | BGE | lowey | Hight |

Coal 2,309.2 2,314.1 2,588.7
Conv oil 304.5 300.0 411.5
Unconv oil 77.5 14.2 722.7
Conv gas 538.0 542.0 540.8
Unconv gas 487.8 70.7 881.5

These depletion curves are subsequently transformed to curves of maximum extraction following
the methodology afore-mentioned. Below we show the example of the curves built for
unconventional gas (Figure 52).
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Figure 52. Domestic EU unconventional gas availability: (a) depletion curve as a function of time from the
original reference; (b) curves of maximum extraction in function of the RURR as implemented in the model. The
y-axis represents the maximum achievable extraction rate (EJ/year) in function of the RURR (EJ). As extraction
increases and the RURR fall below the point where the maximum extraction can be achieved, the extraction is
forced to decline following the estimations of the studies selected (panel (a)).

The same constraints to the (growth) extraction of unconventional fuels applied in D4.1 are also
considered for the EU case.
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2.3.3.3. Waste to energy

Industry and municipal waste (renewable and non-renewable) are aggregated in the same
category. In the period 1995-2014, the TPES has almost increased 4-fold reaching around 1 EJ by
2014 (+5.7% annual growth) (IEA, 2016). However, from a sustainable and social point of view,
waste-to-energy is the worse option in terms of residues management. This issue has been
recognized by the EU legislation which establishes a hierarchy of waste management options where
the priority is given to prevention and reduction, and once the residues are generated, to its reuse
and recycling (Koroneos and Nanaki, 2012). Thus, the application of sustainability policies in
MEDEAS-EU translate into the reduction of the potential of waste. Current final use share and

efficiencies of waste-to-energy are assumed constant given its past evolution (IEA, 2016).
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2.3.4. Renewable energy sources (RES) availability

Renewable energy is usually considered as a huge abundant source of energy; therefore, the
technological limits are assumed to be unreachable for decades, and the alarm is supposed to be
on the economic, political or ecological constraints (de Castro et al., 2011; IPCC, 2011; Kerschner
and O’Neill, 2016). However, the large-scale deployment of renewable alternatives faces serious
challenges in their integration within the electricity mix as a consequence of certain particular
characteristics of these energy sources. In particular, their intermittency, seasonality and uneven
spatial distribution, requiring storage (Lenzen, 2010; Smil, 2008, p. 362; Trainer, 2007); also, their
lower energy density (de Castro et al., 2014, 2013, 2011; Smil, 2008); in many cases, their lower
EROI than fossil resources (Prieto and Hall, 2013); their dependence on more or less scarce
minerals and materials for the construction of power plants and related infrastructures (de Castro
et al.,, 2013; Garcia-Olivares et al., 2012); and finally, their associated environmental impacts
(Abbasi and Abbasi, 2012; Danielsen et al., 2009; Keith et al., 2004; Miller et al., 2011). All
together, these issues significantly reduce their sustainable potential (Capellan-Pérez et al., 2014;
de Castro et al., 2014, 2013, 2011; Smil, 2008; Trainer, 2007).

In this section, we attempt to provide preliminary estimates for the techno-sustainable potentials
of renewable energy sources considered in MEDEAS-EU. However, we highlight that this is a
parameter fully customizable by the users of the model.
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2.3.4.1. Biomass-based

2.3.4.1.1. Solid bioenergy

In MEDEAS-EU, it has been assumed that potential is endogenous to the model, depending on the
stock of exploitable forest from the Land module, according to the next equation (Eq. 29)

km?3 of wood x wood energy density (EJ/m3) (29)
The user can also decide the extraction rate, i.e. sustainable exploitation vs overexploitation.
2.3.4.1.2. Liquid biofuels

Potential is endogenously defined, depending on the “available land” in the Land module (section
2.6).
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2.3.4.2. RES for heat (excluding bioenergy)
2.3.4.2.1. Solar thermal

In MEDEAS-W this potential was estimated exogenously and introduced directly in EJ (Deliverable
4.1.). However, in MEDEAS-EU the potential of solar thermal is modelled endogenously, as done
for PV in urban areas (available rooftop not assigned to PV, user selection by scenario).

Following data from (SHC, 2016), and taking into account the following relationship to estimate
the power density (p,, We/m?), it is possible to endogenize the potential of solar thermal
depending on the irradiance (I) of the considered region (see also (Capellan-Pérez et al., 2017b),
according to the next equation (Eg. 30)

Pe = 700-%- Cp-Losses =1-f, - Losses (30)
Where,
700 W/m?: nominal capacity of solar heat collectors;
f1: efficiency of the solar panel collector
C,: capacity factor
Losses: energy losses in storage and pipelines

In this way, the potential is dependent on (1) the extent of urban areas; (2) the deployment of PV
in urban areas and (3) the irradiance of the considered region.

2.3.4.2.2. Geothermal

The global geothermal technical potential for heat has been estimated by (Steffansson, 2005) at
41.6 EJ/yr with a range between 9.5 and 312.2 EJ/yr.

Considering the break-up for OECD-Europe from (IPCC, 2011), and since the ratio UE vs world for
both the lower and upper value of the range is similar (i.e. 0.5/9.5~16/312.2~5%), the potential
(primary energy) of geothermal for direct uses is = 41.6%5%= 0.23 TWh.
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2.3.4.3. RES for electricity generation (excluding bioenergy)
2.3.4.3.1. Hydroelectricity (without storage)

Global current production is estimated about 4,100 TWh (REN21, 2017), which is 47% of the
potential considered in MEDEAS-World (1 TWe) (MEDEAS, 2017a).

Current production in UE (2015) has been estimated about 390 TWe (Eurostat, 2018). Given the
high historical development of this technology in Europe, the capacity to increase the installed
capacity in relation to the potential is lower comparing to the rest of the world (REN21, 2017). IEA,
in the Blue Map Scenario

(http://www.iea.org/publications/freepublications/publication/hydropower essentials.pdf) until

2050 projects an increase in hydropower capacity in relation to current levels of +20% for UE vs
+50% for the whole world. Thus, it can be assumed that the increasing potential for the EU is 2.5
times lower than the worldwide potential (aprox. 100 %), that is, an average of 25 %, with a range
between 487.5TWh or 0.055TWh.

2.3.4.3.2. Pumped hydro storage

To calculate the PHS potential, it has been applied the 25 % rule of total hydro potential (Gimeno-
Gutiérrez and Lacal-Arantegui, 2015; MEDEAS, 2017a). That is, PHS potential = 0.055*0.25 TWe.

2.3.4.3.3. Energy from Geothermal sources

Potential in the EU is proportional to the ratio of its terrestrial surface (excluding permanent ice) in
relation to the world. The EU represents 3.3% of the world total: potential EU = 0.6*3.3% = 0.02
TWe.

2.3.4.3.4. Marine energy

Energy from marine sources is generated by using novel technologies, so there is a lack of accurate
estimations for the EU. However, it has been considered that sea waves on coasts and tidal
resources are limited due to physical dissipation (MEDEAS, 2017a). Therefore, it is expected that

this resource will not contribute significantly in the near future energy mix in Europe.

Arbitrarily, it has been estimated as Marine energy = 20*current generation (IRENA db, 2017), i.e.
0.0011 TWe.
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2.3.4.3.5. Wind onshore

In the European continent (including non-EU areas), approximately 14.2 % of total wind areas are
suitable for wind onshore energy generation, compared to the 9.2 % worldwide (Archer and
Jacobson, 2005). Using the same proportion for the EU (3.28 % of global onshore area*14.2/9),
about 5.2 % of the EU would be suitable for onshore wind energy generation respect to the world.
However, most of the potential wind areas mapped for Europe are placed within the EU (Archer
and Jacobson, 2005), so it can be assumed that the 1,491,000 km? suitable for onshore wind
power generation are located within the EU. Since all the territories suitable for onshore wind
power generation on ice-free areas account for 12.2 Gm?, then about 12.2 % of suitable winds
would circulate in the EU territories. Thus, the onshore wind potential would be in a range
between 0.052-0.122 TWe, with a best guest around 0.1 TWe (10 % of total).

2.3.4.3.6. Wind offshore

The EU continental shelf represents 20% of worldwide continental self (assuming that North
Atlantic continental shelf entirely becomes to the EU). Thus, about 20 % of total offshore wind
power generation potential could be assumed for the EU. More precisely, if EU suitable wind
offshore areas within the continental shelf was 3.66 Gm? (low relief area + 50 % of medium relief
area) and worldwide equivalent was 8.34 Gm? (worldwide continental shelf, excluding Antarctic
and Artic Oceans, and using remoteness criteria), then almost 44 % of total suitable offshore wind
power generation areas belonged to the EU. Therefore, between 20-44 % of total potential for
offshore wind power generation would be inside the EU borders, with a best guest of 0.1 TWe
(about 0.25 TWe) (bluehabitat.org, 2017).

2.3.4.3.7. PV urban in MEDEAS

In MEDEAS-W version delivered in the project (MEDEAS-W 1.1), as a first approximation, all the PV
modules were assumed to be located on land. In the current version of the model the possibility to
locate solar in urban areas (mainly rooftops) has been included.

Methodology

PV in urban areas have some particularities in relation to power plants on land: notably a
worse performance given that the panels have to adapt to an existing infrastructure
(Capellan-Pérez et al.,, 2017a). However, for the sake of simplicity and as a first
approximation, PV in urban areas has not been modelled as an additional electric
renewable (“RES elec”) technology. Instead, the user can select for each scenario the share
of the total PV installed in urban areas in relation to the total PV installed, as well as the
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share of rooftops for PV in relation to other uses (solar thermal, green roofs, daylighting,
etc.)?. The installed power on urban areas is constrained by the available potential, which
may eventually limit the actual installed PV power on urban areas. The available potential
is estimated following the methodology presented in (Capellan-Pérez et al., 2017a), which
found that in current conditions, a plausible maximum range dedicated to PV systems
would be in the order of 2-3% of urban areas, according to the next equation (Eq. 30).

potential PV urban(t) = urban area - p,(t) (30)

The net global solar power density (p,) of solar PV in urban land is estimated as follows (Eq.
31):

pe(O)=1-) f2fs (31)

| represents the annual global average solar irradiance for (168 We/m?) and the factors f1,
f2 and f3 account for the losses related to the cell efficiency conversion (user defined), the
average performance ratio over the plant's life cycle (0.67) and the land-occupation ratio
defined for urban lands as formulated (Eq. 32):

fz = 2.5% - share of rooftops available for PV - (32)

Given to the fact that PV in urban areas is not modelled as a separate technology, the user
can select the share of the total PV to be installed in urban areas during the simulation
period (the rest will be on land). This share is however constrained by the total potential in
urban areas (endogenous variable). The historical share of rooftop at global level is not
currently known given that in many countries differentiation between rooftop PV and
utility scale PV is not recorded (Khetarpal, 2016). As a first approximation, we consider the
historic share for rooftop PV in the EU-27 estimated by (van de Ven et al., 2018): 61.3%
(2005); 44.6% (2010) and 51.6% (2015).

With this approach, the performance of PV in urban areas and on land is the same: same
f1, PR and EROI.

Results: PV on urban land at EU level

Considering the next assumptions:

% This parameter also allows constraining the geographical extent of the installation of solar PV in urban areas.

F
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e Global urban area of 300 Mha (middle from the 200-400 range given by (de Castro

et al., 2013))

e Share of rooftops available for PV = 50%
e Cell efficiency increases from current 12% to 20% in 2050

e Built-up area from (FAO and IIASA, 2009): 142,000 km? (14.2 Mha)
e Solarirradiance: “scenario distributed generation over UE” average of country
levels of France, Germany, Hungary, Poland, UK and Spain: 135 We/m?.

The potential for PV on urban land at the European level is illustrated by the Figure 53.
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Figure 53. Potential of PV on urban land at European level

This result could be compared with other estimations in literature (e.g. (Suri et al., 2007)).

2.3.4.3.8. Solar on land (CSP and PV)

The potential of solar on land for both CSP and PV is endogenous as a function of the available
land (see Land module). Thus, depending on the competing uses of land in each scenario, the
potential will vary. We apply the approach used for solar PV in urban areas, but replacing “urban
areas” for “Land availability” and considering f3 corresponds with the region Temperatel in

(Capellan-Pérez et al., 2017a), i.e. 0.23).

F

Pg. Maritim de la Barceloneta, 37-49 08003 Barcelona www.medeas.eu info@medeas.eu T+34932309500 F +3493 2309555

2015 2020 2025 2030 2035 2040 2045 2050

Time (Year)

99



MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROPE

2.3.5. Transport

The Transport module in MEDEAS-Europe is very similar to the transport module of MEDEAS-
World (see details in Deliverable 4.1). It is based on five views that treat Energy demand for
transportation, Households transportation, Inland commercial transportation, Total number of
vehicles and Batteries for alternative transportation.

As in MEDEAS-World, modelling of the transport sectors is based on two main dynamics: a general
enhancement of liquid-based vehicles due to improvements in motor efficiency (which is relatively
low since vehicle market is already covered by fuel economy standards (IEA/OECD, 2014)) and a
shift from one type of vehicle to another with a different energy source. The model separates
commercial transportation (Inland, Air and Water Transport sectors) and households transport
activity. For Inland Transport and Households transportation, the vehicle shift is considered as well
as the general efficiency improvement, in Air and Water transportation only the general

improvement is studied.

The changes of vehicles considered are from conventional liquids-based vehicles to battery
electric, plug and non-plug-in hybrids and natural gas vehicles for all types of vehicles. Biofuels and
LPG are considered liquid fuels and are not included for vehicle change. One of the policies that
might lead to important energy saving and has been introduced in the model, is the shift from four
wheelers to two and three wheels vehicles, which is combined with the electrification of two
wheelers. Changes in mobility patterns that require profound social transformations, such as shift
to public transportation, non-motorized transport or very light electric vehicles (electric bikes and
three wheelers) for the moment, are not included in the model. Cars using hydrogen, synthetic
fuel and similar alternatives are not introduced in the model as they are still in a developmental
stage.

Household vehicles are organized into six types: liquid, electric, hybrid and gas four wheelers and
liquid and electric two wheelers. Inland Transport vehicles are classified into the following types:
liquid, hybrid and gas heavy vehicles (trucks); liquid, hybrid, electric and gas light cargo vehicles;
liquid, electric, hybrid and gas buses; electric and liquids trains. Classification and the data came
from EU2017 (EC, 2017). Statistical data about alternative vehicles has been obtained from
(IEA/OECD, 2017), and energy for vehicles from TERM2016 (EEA, 2016).
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2.3.5.1. Households intensity variation

The methodology used to calculate energy savings due to vehicle change is the same used in
MEDEAS-World model. Households intensities are the relation between their economic demand
and the energy of each type consumed. The change of these intensities is related to the changes of
types of vehicles using the following equations (Egs. 33-35), (that where described in section
2.14.7.1 of Deliverable 4.1)

dIHliq d d d
dt = Al dat %Hliq4w + Al *SThyp * dat %thb4w + AZ Tt %HliqZW (33)
dlHpee d d
at Al " STelecaw dat %Helec4w + AZ " STelec2w- dat %HliqZW (34)
dIH d
gas _
at Al * STgasaw dat %Hgas4w (35)

Being %H,iqaw, YoHpypaw, Y%oHyiq2v, the percentages of liquid four wheelers, hybrid four wheelers

iqui dIHyq dIH dIH
and liquid two wheelers, iq dHeiec HHgas
dt dt dt

,the derivatives of the intensities of Households

)

Transportation to each type of fuel and 7Spyp STerecows STetecaws TSgasaw, the ratios between
the efficiencies of each vehicle compared to the one of average four wheelers of liquid fuels.
Parameters A1 and A; are estimated using the values of the initial calibrating year (default 2015).

For the intensity of Inland Transportation sector, a similar approach is used, and changes in the
intensities are related to the changes in percent of vehicles using the following equations (Egs. 36-
38):

dljig i d d d

% = CXpy * = %HViig + CX1y + —%LViig + CXpys * = %busiq + CXerain -

d .
= Ytraing, (36)

Alelecinlandt __ d d 0
- CXLV *STelecLv E%LVelec + CXbus * STelec bus * E /Obuselec + CXtrain :

dt
d .
STelec train * dat %tralnelec (37)
Al s imtand ¢ d d
% = CXHV *STgas HV ° E%Hygas + CXLV *STgasLv * E%Ll{gas +
d
+CXbus " STgas bus * E%busgas (38)
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Where %HV,;q, %HVy,p,, Y%HVy4s stand for the percent of heavy vehicles of different fuels, %LV,
%LViec YoLVpyp %LV,as  for light cargo vehicles, %bus;q, %buseec, % busyyy, %obusg,s for
buses of different types %traing;,, %train,, of and trains all relative to each group of vehicle.

Constants CX ,.picie are calculated using the initial values of vehicles, for each vehicle.

Similar saving ratios as the ones described for Households Transportation are used. A summary is
shown in Table 35, and a detailed discussion of these values can be found in in section 2.14.7.3 of
Deliverable 4.1.

Table 35. Saving ratios estimated for different vehicles and fuels compared to liquid-based equivalent vehicles.

S N S

Light four wheelers 0.33

Heavy vehicles and buses 0.50 0.6 1
Two wheelers 0.21 - -
Trains 0.60 - -
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2.3.5.2. Transport Policies

The implementation of transport policies in MEDEAS-Europe is based on the growth of the
percent’s of vehicles. The value of the variables P percent elec Hveh, P percent hyb Hveh, P percent
gas Hveh, P percent 2w elec determines the value of each percentage in the final year of the policy
(T fin Hveh). The percent is relative to each type of vehicle (two or four wheelers). Additionally, the
variable P share 2wheelers, determines the percent of two wheelers. For the vehicles of Inland
Transport sector similar variables are used: P percent HV hyb, P percent HV gas, P percent LV elec,
etc.

The stock of electric, plug-in hybrids and natural gas-powered vehicles is still very low compared to
the global number of vehicles. The 200.000 electric vehicles sold in Europe in 2016 are an
important achievement (helped by the estate incentives of France, Germany and Norway), but this
number still pales compared to the 14.6 million new registrations of all cars. MEDEAS-Europe
considers an BAU scenario for the growth of alternative vehicles with the same percent of vehicles
in the final year of the policy as those considered for the World and described in Deliverable 4.1.
The BAU scenario is based on a linear growth that continues the observed increment of these
vehicles in last years. The only difference is stablished in the electric 2 wheelers, which are very
common in Asia but are almost non-existent in Europe, and in electric railways, more common in

Europe than the average Worlds number.

The prospects for alternative vehicles are highly uncertain, as the breakthrough to fully
commercial models has yet to come and consumers would have to adjust to the characteristics of
the new vehicles. Therefore, a more optimistic scenario about the growth of alternative vehicles
must have a high component of speculative thinking. Scenario 2 has been defined multiplying the
objectives of BAU scenario, in some cases one order of magnitude. Still the final percentage of
alternative vehicles is small due to the delays of the stock of vehicles. For a detailed description of
the choice of the parameters of the BAU scenario, please, refer to Deliverable 4.1.

The batteries needed for the electric and hybrid vehicles of all types have been calculated using
the ratios described in section 2.14.7.4.
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Table 36. Objectives of stocks of alternative vehicles in the final year of the policy expressed in terms of the
percent of vehicles relative to each class for BAU and Scenario 2.

Percent in year T fin (2050 Percent in year T fin (2050

Type of vehicle

default) BAU default) Scenario 2

Electric households 4 wheeler

Hybrid households 4 wheeler 1.08 10.8
Gas household vehicle 4 wheeler 14.89 30
Electric 2 wheeler 0 10
Percent 2 wheelers 33.25 33.25
Hybrid heavy vehicles 0.045 0.45
Gas heavy vehicles 0.045 0.45
Electric light cargo vehicles 0.074 0.74
Hybrid light cargbo vehicles 0.036 0.36
Natural gas light cargo vehicles 1.597 15.97
Electric bus 0 6
Hybrid bus 0 10
Natural gas bus 0 30
Electric train 90 90
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2.4. Materials module

In the materials module, MEDEAS-EU follows a similar structure to MEDEAS-W (deliverable 4.1.).
Thus, the same set of minerals is considered: Aluminium (Al), Cadmium (Cd), Chromium (Cr),
Copper (Cu), Galium (Ga), Indium (In), Iron (Fe), Lithium (Li), Magnesium (Mg), Manganese (Mn),
Molybdenum (Mo), Nickel (Ni), Lead (Pb), Silver (Ag), Tin (Sn), Tellurium (Te), Titanium (Ti),
Vanadium (V), and Zinc (Zn).

However, the difficulty to find consistent and homogenous data at EU-level for the variables used
in MEDEAS-W, and other additional variables required to model trade (e.g. past production and
consumption, reserves and resources, recycling rates, etc.) compelled to adapt the modelling. In
particular, the databases shown in table X have been reviewed.
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Table 37. Mineral databases reviewed for the MEDEAS-EU model.

Database

USGS.
Geological
Survey

USA

BGS. British
Geological
Survey

Euromines.
European
Association  of
Mining
Industries,
Metal Ores &
Industrial
Minerals

Minerals4EU

Data provided

There are only data
available for mineral
production. They can
be downloaded in
MSExcel format. Data
files are released
each vyear, so, in
order to have a long
historical data series
files must be
grouped together.

There are data
available for mineral
production, exports
and imports. They
can be downloaded
in an MSExcel file,
but also in PDF.

There is only data
available for mineral
production. Data is
not available in
MSExcel format; they
are only displayed in
the screen.

We have data for
mineral production,
imports and exports,
resources and
reserves. Data are
not available in Excel
format. They are
displayed in the
screen.

Area/Countries

Data are aggregated in
Europe and Central
Eurasia. Another option
could be to aggregate
all countries which are
included in EU-28
(there are not data for
all of them)

We do not have data
for every country in EU-
28. It could be because
not in every country
exists production of
every mineral.

We do not have data
for every country in EU-
28.

We have data for all
the countries in the EU-
28. In order to gather
all data, it is necessary
to do it country by
country.

Minerals

We have data for
the following
minerals:
aluminum, copper,
iron and steel,
lead, manganese
ore, nickel, silver,
tin, titanium and
zinc.

We have data for
all minerals
needed, but we
can only download
data for one
mineral each time.

We have data for
the following
minerals:
Aluminum,
Antimony, Bauxite,
Copper, Gold, Iron,
Lead, Manganese,
Nickel, Platinum,
Silver,  Titanium,
Tungsten and Zinc.

We have data for
all minerals except
aluminum, gallium
and titanium.

Data period

1995-2013

Different
in each file

years

1970-2015

Disadvantage:
data can be
downloaded for
a maximum of
ten vyears each
time.

1999-2015

2004-2013

The review of databases revealed that there is no database that includes all the dimensions

required for modelling minerals in MEDEAS-W. For example, just 1 out of 4 databases include
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information for the whole dataset of minerals included in MEDEAS (BGS), but this database lacks
information related to the level of reserves and resources at EU-level. In fact, as reported by
Minerals4EU, the reserve and resource available data at EU member state level belong to different
reporting systems (e.g. JORC, PERC or NI 43-101, or to a national system restricted to an individual
country or group of countries). Because of these variations in reporting methodology, it is
inappropriate to aggregate the resource and reserve data presented to determine national or
European totals because the figures are not directly comparable.

Thus, the modelling of materials in MEDEAS-EU has to be adapted to data availability, and consists

mainly of:

e Modelling of future demand of minerals for the main RES technologies for the
generation of electricity (CSP, PV, wind), grids (high power, HVDCs) and EV
batteries, with the method already explained within the section 2.4.1.1 of
deliverable 4.1.,

e Recycling levels of minerals in EU correspond with the World average (section 2.4.3
of deliverable 4.1)

e Comparison of the cumulated demand of each mineral in EU with the world level of
current reserves and resources (information coming from MEDEAS-W boundary
simulation).

e Comparison of the annual demand of each mineral in EU with the current EU
production level.

EROI levels per technology are calculated exactly the same as in the case of MEDEAS-W.

Table 38 shows the current (2015) level of production of each mineral in UE (BGS, 2017).
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Table 38. EU domestic current (2015) production level for each mineral considered in MEDEAS. Source : own

elaboration from (BGS, 2017).

_ Production 2015 (million tons)

Aluminium
Cadmium
Chromium
Copper
Galium
Indium
Iron
Lithium
Magnesium
Manganese
Molybdenum
Nickel
Lead
Silver
Tin
Tellurium
Titanium
Vanadium
Zinc
Uranium

2,214,674
1,783
946,188
855,512
11
91
33,140,406
17,120
0
143,762
0
46,553
217,986
2,081,676
42
33
0
0
697,291
211
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2.5. GHG emissions module

As a first approximation, in MEDEAS-W (Deliverable 4.1) all the GHG emissions were calculated as
the sum of CO, and CHg4 (in terms of CO, equivalents). In the European model, the emissions due
to the six main greenhouse gases included in the Kyoto Protocol (i.e., CO2, CH4, N2O, SFs, PFC, HFC)

are calculated.

To transform the effects of different emissions to a common scale — often called ‘CO;
equivalent emissions’—the emissions (Ei) associated to a certain i component can be multiplied to
the adopted normalized metric (M), as follows (Eg. 39):

COZ —eq; = Mi - Ei (39)

One well-known M; is the Global Warming Potential (GWP), defined as the time-integrated
Radiative Forcing (RF) due to a pulse emission of a given component, relative to a pulse emission
of an equal mass of CO,. The GWP was presented in the First IPCC Assessment (IPCC, 1990), and
the GWP value of each gas depends on the chosen time horizon, usually 20 years and 100 years

are the most used values.

A time horizon of 100 years was later adopted as a metric to implement the multi-gas approach
embedded in the United Nations Framework Convention on Climate Change (UNFCCC) and made
operational in the 1997 Kyoto Protocol. In this module we have used both the 20-year time
horizon and the 100-year time horizon, so using the variable "GWP time frame" we can choose

which of the 2 different time intervals will be used for the calculation.

Total emission, expressed on CO;-equivalent, are the sum of the contribution of each gas, so the
GWP data of each gas and for each time horizon are necessary (Eq. 40).

Total CO, — eq emissions = CO, emissions + GWP¢y, - CH, emissions + GWPy,o -
N,Oemissions + GWPgp - SFg emissions + GW Pppes * PFCs emissions + GW Pypes -

HFCs emissions (40)

According to the data of the IPCC fifth assessment report (IPCC, 2013), the GWP data for the gases
studied and for the different time horizons chosen are shown in the Table 39.
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Table 39. Global warming potentials (GWP) for the 20 years and the 100 years horizons (without carbon
feedback factors). Source: (IPCC, 2013).

CH,4 84 28
N.O 264 265
PFCs 4,880 6,630
SF6 17,500 23,500
HFC-134a 3,710 1,300
HFC-23 10,800 12,400
HFC-32 2,430 677
HFC-125 6,090 3170
HFC-143a 6,940 4,800
HFC-152a 506 138
HFC-227ea 5,360 3,350
HFC-245ca 2,510 716
HFC-4310mee 4,310 1,650

CO; emissions

CO; emissions are those calculated endogenously as the sum of those due to the combustion of
fossil fuels, soil management, the land use change and the combustion of biofuels.

CH4 emissions

In the case of CH4 emissions, the same methodology used in MEDEAS-W has been used. Thus,
total CH4 emissions is the sum of the RCPs data (Representative Concentration Pathways; RCP 2.6,
RCP 4.5, RCP 6.0 and RCP 8.5) (Clarke et al., 2007; Fujino et al., 2006; Griibler, 2007; Hijioka et al.,
2008; Smith and Wigley, 2006; van Vuuren et al., 2007; Wise et al., 2009), excepting the
corresponding part of the emissions generated by power plants, energy conversion, extraction and
distribution, with the data obtained endogenously due to the emissions generated in the
extraction of the different fossil fuels.

Rest of GHGs emissions (N20, SFe, PFCs (CFs4), HFCs)

For the historical data on gas emissions in EU-28, the emission data of the JRC-EDGAR database
(EC-JRC and PBL, 2011) are used, and the data for the EU-28 countries are added.
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Whereas, the EU-28/World emission ratios of historical emissions have been used and have been
maintained for the different RCPs up to the year 2100 for the evolution of the data since 2015,
according to the IIASA RCP database (http: //www.iiasa. ac.at/web-apps/tnt/RcpDb) (Clarke et al.,
2007; Fujino et al., 2006; Gribler, 2007; Hijioka et al., 2008; Smith and Wigley, 2006; van Vuuren
et al., 2007; Wise et al., 2009).

The following graphs (Figures 54-58) represent the emissions of the different GHGs for each PCR

until the year 2100, before the conversion to CO; equivalent.
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Figure 54. CH4 emissions (1990 - 2100) for each RCP.
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Figure 55. N,O emissions (1990 - 2100) for each RCP.
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Figure 56. PFCs (CF4) emissions (1990 - 2100) for each RCP.
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Figure 57. HFCs emissions (1990 - 2100) for each RCP.
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Figure 58. SFs emissions (1990 - 2100) for each RCP.
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2.6. Land-use module

The representation of land use and land cover dynamics is highly complex given that they depend
on a diversity of natural and human factors. Forthcoming climate change increases the challenge.
In this sense, relatively few integrated assessment models include this dimensions, such as GCAM
(Kyle et al., 2011) or IMAGE (Elke Stehfest et al., 2014).

Given the scope of the project, a stylized representation of land-use in EU has been included in the
model. It does not attempt to comprehensively model the biophysical-human interrelations and
represent all the land use and land cover types. Instead, its main objective is to allow to
endogenize some variables which in previous versions of the model had to be assumed exogenous
although they are ultimately land-dependent. These variables are:

e Built-up land,
e Potential for biomass (including the explicit consideration of the demand of biomass for
non-energy uses),

e Potential for solar energy (both on land —PV and CSP) and rooftop —PV and solar thermal-).

This approach has the advantage that it takes into account that most land uses are mutually
exclusive. Most data for the construction of this module has been taken from FAOSTAT
(http://www.fao.org/faostat/en/).
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2.6.1. Current situation

In terms of land-use, the land dedicated to agriculture (including arable land, permanent crops and
permanent pastures, FAOSTATS definitions) has been decreasing in the last 25 years at an annual
average rate of -0.2% and the forest area (including primary, planted and other naturally
regenerated) has increased at +0.8%/yr. Other land, which accounts for the rest of land (i.e. built-
up and related land, barren land, other wood land, etc.) has increased at >1% reaching over 18% of
the total land area (total land area excluding area under inland water bodies) of the EU (FAOSTAT,
2017).

Land-use in UE
60%

40%

——Agricultural area
30%
—Forest

Other land
20%

10%

0%
1985 1990 1995 2000 2005 2010 2015 2020

Figure 59. Historical evolution of land-use shares (1990-2015) for agricultural area, forest and other land.

However, it must be highlighted that the UE is a net food importer, with net imports having gone
up significantly in the past decade. Thus, the decreasing trend in agricultural land does not
represent rather an increase in external food dependence (i.e. loss of food sovereignty) which has
more than compensated for the yield productivity improvements.

Virtual land exports have declined to 14 Mha in 2007/2008, while virtual land imports have gone
up to almost 49 Mha (+15%). In the period 2007/2008 the virtual net import of land has amounted
to almost 35 Mha (Von Witzke and Noleppa, 2010). Thus, the EU is using approximately one third
of her own usable arable area outside its own territory. The currently occupied arable land in third
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countries is almost equivalent to the entire territory of Germany; and the increase of virtual land
trade between 1999/2000 and 2007/2008 amounts to 9.6 million hectares, which is larger than
the land area of Hungary, for instance. A major cause of the substantial growth in virtual land
import is the increased use of soybeans and related products. They account for an increase of
about 3.7 Mha. Additional substantial contributions have resulted from coarse grains (plus 2.7
million hectares), wheat (plus 1.6 million hectares) and corn (plus 1.5 million hectares). Palm fruits
have contributed an additional 1.0 Mha to the increase in net imports of virtual land. Other
oilseeds, oleaginous fruits and vegetables have acted to slightly reduce net imports. In fact, the EU
is now tied with China as the world’s largest net importer in terms of value. As a consequence, the
EU has become a large importer of virtual agricultural land, driving reductions in natural habitats
such as tropical rain forests and increasing greenhouse gas emissions from converting forests and
grass-lands into cropland (Von Witzke and Noleppa, 2010) (Figure 60).
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Figure 60. EU arable land virtually traded (in Mha).
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In relation to domestic forests in the EU, most of the forest area corresponds to naturally
regenerated forest, with an area roughly constant in the last decades of ~100 Mha. Planted forests
have been increasing steadily at a rate of +1.4%/yr reaching ~55 Mha in 2015. Primary forests
represent a mere 3% of total forest area, i.e. 1% of the total land area of the UE. It is remarkable
that the surface occupied by primary forests is smaller than the artificial surfaces (including urban
and associated areas), ~9.5 Mha (Figure 61).
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Figure 61. Historical evolution of area covered of forest by type in EU (1990-2015).
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2.6.2. Overview of the modelling approach to build the Land
Module in MEDEAS-EU

Figure 62 shows a simplified representation of the Land Module in MEDEAS-EU. The boxes
represent the stocks modelled, depicting different types of land-use and cover (most categories
correspond with FAO nomenclature given that this database has been the main source of data for

the construction of the module):

e Primary forest: naturally regenerated forest of native species, where there are no clearly
visible indications of human activities and the ecological processes are not significantly
disturbed (FAO, 2014).

e Forest available: represents the rest of forests in FAO database, i.e. ”Planted forest” (forest
predominantly composed of trees established through planting and/or deliberate seeding)
and “Other naturally regenerated forest” (forest predominantly composed of trees
established through natural regeneration where there are clearly visible indications of
human activities) (FAO, 2014).

e Agricultural land: includes both categories “Arable land and Permanent crops” and
“Permanent pastures”:

o Arable land represents the land under temporary agricultural crops (multiple-
cropped areas are counted only once), temporary meadows for mowing or
pasture, land under market and kitchen gardens and land temporarily fallow
(less than five years). The abandoned land resulting from shifting cultivation is
not included in this category. Data for “Arable land” are not meant to indicate
the amount of land that is potentially cultivable.

o Permanent crops is the land cultivated with long-term crops which do not have
to be replanted for several years (such as cocoa and coffee); land under trees
and shrubs producing flowers, such as roses and jasmine; and nurseries (except
those for forest trees, which should be classified under "forest"). Permanent
meadows and pastures are excluded from land under permanent crops.

o Permanent meadows and pastures is the land used permanently (five years or
more) to grow herbaceous forage crops, either cultivated or growing wild (wild
prairie or grazing land).
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Urban land: corresponds with FAO’s “Artificial surfaces (including urban and associated
areas)”, including areas that have an artificial cover as a result of human activities such as
construction (cities, towns, transportation), extraction (open mines and quarries) or waste
disposal.

Available land: this category has been built specifically for the Land Module of MEDEAS
framework following the approach used in (Capellan-Pérez et al., 2017a), and represents
the terrestrial land that is currently neither being used by the primary sector (arable land,
permanent crops, permanent meadows and pastures and productive forest area) nor built-
up.

Land for solar and hydro RES: represents the land occupied by solar facilities and
hydropower plants

Marginal land occupied by biofuels: represents the marginal lands occupied by biofuels,

Agricultural land for BioE: represents the agricultural land used to grow biofuels.
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Figure 62. Overview of the Land Module in MEDEAS-EU.
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The Land Module functions as follows: It takes the demand of different types of final energy (e.g.
electricity, liquids, heat) generated by the Economy module (see section 2.2.3.1.) as inputs.
Depending on the assumptions and policy targets of each scenario, there will be a demand for
renewable energy resources which are dependent on land: bioenergy (from forests and grown as
crops) and renewable energies for the generation of electricity, such as PV, CSP and Hydro. Solar
thermal and rooftop PV are related to the urban surface and policy targets in terms of urban land
density variation. Non-energetic uses of wood are also taken into account. These demands are
confronted with the land availability (forest, agricultural land, available land), which may
ultimately constrain the actual extraction of bioenergy resource/installation of power centrals. A
“warning” indicator of “Biodiversity loss” is formulated, considering the ratio of natural areas vs
the total land, which gives a qualitative idea of the potential danger of biodiversity loss of the

scenario simulated.
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2.6.3. Methodology

In this subsection the rationale and assumptions considered for the modelling of Land in MEDEAS-

EU are described.

2.6.3.1. Primary forests

Given past trends (slow annual growth in the period 1992-2015) and for the sake of simplicity,
primary forest area is considered to remain constant in the standard version of MEDEAS. However,

the user can consider the continuation of past trends or introduce a customized value.

2.6.3.2. Forest available

Solid bioenergy to be extracted from forests in the model is dependent on the area of forest
available, as well as from a scenario-dependent parameter of “unsustainable logging”. This
parameter allows for a higher extraction of wood but at the cost of degrading the stock of forests
which ultimately causes deforestation. This degradation process is assumed to increase the
availability of land for agriculture, which is an optimistic assumption given that in some cases
degraded forests may also end up being marginal or barren lands.

However, in the standard version of the model the total area for forest is assumed to remain
constant, assuming unlikely that the area dedicated to forest in the UE will decrease in future
decades since it goes against historical trends and allows to capture CO2, preserve biodiversity,
etc. (excepting in the cases of potential collapse/rapid degradation scenarios).
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2.6.3.3. Agricultural land

This is a key stock of the model given that in recent decades land for agriculture has been the main
use of land at EU-level (although with a decreasing trend: 49% in 1992 vs 44% in 2015 FAOSTAT).
The requirements of land for agriculture depend on many parameters, some technical such as
productivity yields, and other socio-cultural such as diets. In this context, 2 key factors must be

taken into account:

(1) As aforementioned, the EU is a net food importer, and net imports have gone up
significantly in the past years (Von Witzke and Noleppa, 2010).

(2) It seems unlikely that this deficit may be covered by yields increases. Recent studies have
found strong evidence of yield plateaus in some of the world’s most intensive cropping
systems, among them some of the most important EU producers. Specifically, a linear,
upper plateau historic trend was found for Denmark, France, Germany, Italy, the
Netherlands and the UK for both wheat and maize. A hypothesis that can explain the
occurrence of yield plateaus is that average farm yields approach a biophysical yield ceiling
for the crop in question, which is determined by its yield potential in the regions where the
crop is produced (Grassini et al., 2013). Moreover, yield increases are critically dependent
on the use of inputs such as fertilizers (natural gas) and water, which may be scarcer in the

future.

Hence, given that a substantial amount of EU consumed food depends on imports and the adverse
impacts on biodiversity on virtual land imports of UE in the rest of the world, we assume as a
reasonable future target that the UE will roughly maintain the current area dedicated to
agriculture. Moreover, this is also consistent with the fact that demand for food in next decades is
assumed to increase substantially at a global level (together with population increase). This implies
a global increase in the competition for land. This target might even be seen as conservative given
that future climate impacts affecting current yields are not considered in the Land module of
MEDEAS-EU.
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2.6.3.4. Urban land

The future evolution of urban land is commonly related with the evolution of population and
economic growth. For example, in IMAGE, urban built-up areas increase per grid cell in the
scenario period as a function of GDP and population and depend on a country- and scenario-
specific urban density curve (Elke Stehfest et al., 2014). In the AIM model, a similar approach is
taken: the spatial distribution is created by assuming that urban grid cells are increased in
proportion to the increase in population and GDP in each country; the urbanization rate is also
used as explanatory variable (Masui et al., 2011). However, these approaches lack to capture the
fact that different types of urbanization exist, although operational indicators of urban sprawl are
complex to be set e.g. (Hasse and Lathrop, 2003).

In MEDEAS-EU, given that resolution at grid level is not available, a simpler approach had to be
taken. Firstly, given that built-up areas mostly expand into very productive agricultural areas (Elke
Stehfest et al., 2014), we assume that built-up surface is subtracted from the agricultural area,
thus, leading to additional demand for agricultural area in the “available land” stock. Secondly, a
lineal model was built to estimate the urban land surface considering the variation of population
and the variation of urban land density (i.e. urban m?/population of the country) considering data
from 1992 to 2015 for the UE at aggregated level from FAOSTAT and (World Bank database, 2018):

Urban land = a - Pop + b - Urban land density + ¢ (41)

Table 40 reports the main outputs and validation tests of the regression performed (R? =
0.999952; F (2,21) = 220267.6; p < 0.1), which show that the model is significant.

Table 40. Regression model for urban land in MEDEAS-EU

-—m
deviation

-9.61332 0.416904 -23.06 2.14e-16%**
b 0.0478639 0.000263219 181.8 4.60e-35***
a 1.99746e-8 9.118335e-10 21.78 6.96e-16***

*** p-value < 0,1

The evolution of population is scenario dependent, while the future urban land density is a
parameter, which can be selected by the user and is considered also scenario-dependent, since it
is a parameter highly dependent on urbanism legislation, cultural practices, etc. A mapping of
countries with different ratios of urban land per capita (data from FAOSTAT and World Bank) was
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performed (see Figure 63). This way, the user can select for each scenario the assumed urban land
per capita in the year 2050. Note the influence of urbanization rates and urbanism policies, e.g.
China and Singapore have very similar urban land per capita ratios although very different GDPpc

ratios.
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Figure 63. Urban land per capita.
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2.6.3.5. Available land for human uses

The “land availability” at UE level is defined adapting the methodology applied in (Capellan-Pérez
et al., 2017a) and includes the terrestrial land that is currently neither being used by the primary
sector (arable land, permanent crops, permanent meadows and pastures and productive forest),
land nor built-up and permanent snow and glaciers. This stock includes the land required for
additional human uses (i.e. balance of agricultural land, installation of plants for generation of
electricity from renewable energy sources, biofuel plantations, etc.).

Figure 64 shows the historical evolution of the main land categories in EU, based on (FAO, 2017).
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Figure 64. Historical evolution of the main stocks of land considered in the Land Module of MEDEAS-EU (1992-
2015).
This definition of land availability must be taken as a first conservative approximation, since many
other factors would in fact reduce the land availability: orography (e.g. mountains), yield
productivity (e.g. barren lands for biofuels), protected areas (e.g. the EU-27 has an average of
around 27% of its surface protected), locations with suboptimal resource, etc. ( see also (Deng et
al., 2015)).
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2.6.3.5. Natural land and biodiversity warning

Natural lands in MEDEAS are defined as the primary forests and the “available land”. We interpret
the ratio of natural lands vs the total land as an indicator of biodiversity loss, given that natural
lands can be understood as an insurance that ensures the resilience and stability generated by
biodiversity. We apply here the value of 12% of the territory as considered in the Brundtland
Report and for the calculation of the standard ecological footprint (Wackernagel et al., 2002;
WCED, 1987). This value is a conservative lower bound, which has been strongly criticized as being
unable to a assure an effective protection of biodiversity (Vackar, 2012). For example, the UNEP
and IUCN give 17% as a reference value (Juffe-Bignoli et al., 2014), while Soulé and Sanjayan (Soulé

and Sanjayan, 1998) argued for a minimum share of 25-50%.
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2.7. Social and environmental impacts

2.7.1. Context and MEDEAS approach

The main aim of this module in MEDEAS framework is to translate the behavior of each model
scenario into a set of variables that provide information about its social dimension. This is a
complex and delicate task, since, in fact, social dimensions such as education, health, culture, life
expectancy, etc. depend on more dimensions that the ones modelled in MEDEAS, which mainly
evolves through energetic and monetary variables. Thus, the computation of indicators such as
HDI is in principle further the scope of the project.

The followed approach consists on reporting outputs which can be obtained from the current
version of the model. MEDEAS does not report “a” variable to measure well-being. We consider
that well-being is a multidimensional feature which cannot be reduced to a single variable (UN,
1990). Instead, we illustrate the social evolution of each scenario assessing a set of variables. We
complete the information with the reporting of key environmental impacts indicators given that
well-being is intrinsically linked to a healthy environment (Daily, 1997; Levin et al., 2009; Schneider
and Morton, 1981). How energy forces and infrastructures interrelate with institutions and
ideations of political power are beyond the scope of the project (Boyer, 2014). The construction of
this set of indicators was assisted by the D2.2 Task e (MEDEAS, 2016).
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2.7.2. Social and environmental indicators

As explained with more detail in Deliverable 4.1., in the MEDEAS framework we identify as social
and environmental indicators the following variables, also included in MEDEAS-EU model:

e Total Final and by final fuel Consumption per capita
e Total Primary and by fuel Consumption per capita

e Electricity consumption per capita

e Total water use per capita

e Potential HDI level given energy use

e Consumption of RES per capita

e Share of RES in total final consumption

e Annual penetration of RES in the total final and primary energy consumption
e GDP per capita

e Jobs associated to RES technologies

e EROIst of the system

e GHG emissions per capita

e Atmospheric GHG concentration levels

e Temperature increase over pre-industrial levels

The following indicators from the Sustainable Development Goal Indicators (UN, 2015) are
available in MEDEAS:

e 7.3.1 Energy intensity measured in terms of primary energy and gross domestic product
(GDP)
e 8.1.1 Annual growth rate of real GDP per capita

e 9.4.1. CO; emission per unit of value added

Two new variables are included in the MEDEAS-EU model, therefore, biodiversity and energy
footprint, and methodology for water uses have slightly changed. Biodiversity has been explained
with more detail in section 2.6.3.5. In the next sections, we will explain the methodology used for
energy footprint and water uses in the MEDEAS-EU model.
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2.7.3. Energy footprint

Energy footprint is an indicator which measures the energy used in a territory to produce the
output required to satisfy its demand. Because part of one country’s demand is produced outside
its borders, trade is a fundamental variable. This way, the energy required to produce abroad the
products that Europe imports must be incorporated to the European energy footprint. Conversely,
the energy consumed during the production process of exports to the rest of the world, do not
have to be incorporated following the abovementioned definition. Thus, we can define energy
footprint in a certain region ‘r’ and taking foreign countries as ‘s’ as (Eq.42):

EF;" = Er,r + Es,imp - Er,exp (42)

Being EE,. the energy footprint in region ‘r’, first subscript in the other variables represents region
where output is produced and the second what demand it is destined to satisfy: domestic demand
(‘r’), imports (‘imp’) and exports (‘exp’). Energy flows in this framework can be expressed as in
Figure 65. Energy required to produce exports is ‘exported’ within the products exported and
energy required to produce (abroad) imports is ‘imported’ within the products imported.

'Es,imp r,exp

(a) (b) (c)
E, .= Energy consumed in region r to produce output required to satisfy domestic demand.
E, imp= Energy embedded in imports required to satisfy domestic demand.

E, ¢xp= Energy embedded in exports required to satisfy foreign demand.

Figure 65. Energy flows in MEDEAS-Europe from the Energy Footprint point of view.

Energy footprint can be a measure of environmental load displacement (Cole, 2004; Peng et al.,
2016), the process through which developed countries ‘displace’ dirtier production to the least
developed countries. The main methodologies found in the literature to estimate energy footprint
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are life-cycle analysis (Castellani et al., 2018; Kaldellis and Apostolou, 2017) and structural
decomposition analysis, or SDA, based on Input-Output Analysis (Kaltenegger et al., 2018; Lan et
al., 2016). Even though most of the SDA studies include international trade, only a few do it
employing a multi-regional input-output (MRIO) framework (Kagawa and Inamura, 2004; Lan et
al., 2016). In MEDEAS-Europe, it has been integrated System Dynamics and Input-Output Analysis
employing a MRIO approach.

The methodology applied in MEDEAS-Europe consists on the decomposition of multi-regional
Leontief Matrix into four - as explained in section 2.2.3.2. Following this approach, Leontief Matrix
is divided in this different figures: LA,., is the region r’s production sensitivity to final demand of
region r products (upper-left quadrant); LA, is the region r's production sensitivity to region s
intermediate demand of imports (upper-right quadrant); LA, is the region s’s production
sensitivity to region r intermediate demand of imports (lower-left quadrant); LA, is region s’s
production sensitivity to final demand of region r products (lower-right quadrant). Taking these
definitions into account, we can express the variables in Eq.42 as (Eqg. 43-45):

Er,r = LATT * Ir (43)
Es,imp = LAST * Is (44)
Er,exp = LArs * Ir (45)

And, thus the energy footprint is obtained as follows (Eq. 46):

EF. =LA, I, + LAg, * I — LA, * I,. (46)

This way, MEDEAS-Europe estimates for each year the energy carriers of EU28 demand, by
incorporating energy embedded in imports (E; ;) and subtracting energy embedded in exports

(Er,exp)-

Finally, we can estimate the energy coverage rate as the proportion of energy really ‘enjoyed’ by
the EU28 economy (domestic plus embedded in imports less embedded in exports) over total
energy consumed in EU28. In terms of Figure 1, (a)+(b) is the total energy ‘enjoyed’ by the EU28
economy, (b)+(c) the total energy consumed in the EU28 and (a)-(c) the energy balance of trade.
Hence, the energy coverage rate is the proportion between them or, more formally (Eq. 47):
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ECR, =7t 4 Zsimp=lrem _ g (47)

Where ECR, is the energy coverage rate in region r and EC, the total energy consumed in the
same region. That is, ECR, is a representation of the amount of energy available for EU28
consumption over the amount of energy consumed in the region. In other words, a positive ECR,
reflects the proportion of energy enjoyed over energy consumed (because it is being imported
embedded in products demanded from abroad). Conversely, if it is negative, it means that the
region is enjoying a proportion under its energy consumed (because it is being exported
embedded in products demanded abroad). Given the description of energy footprint in Eq.42 we

can rearrange Eq. 47 as:

ECR, =2 — (48)

EC,
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2.7.4. Water use

This part of the module allows calculating water consumption in MEDEAS Europe by type (blue,

green and grey) by economic sector and for households. The aggregated values allow calculating

the total water consumption and social indicators such as the total water consumption per capita.

2.7.4.1. Water data

Data used in this module is taken from the environmental accounts within the WIOD database
(Genty et al., 2012) (Release 2013, http://www.wiod.org/database/eas13 see also (Arto et al.,

2016)). This database compiles data of water consumption for each sector, and also for

households, disaggregated by country and type of water. Data is available for years 1995 to 2009.

Then, the first task was to aggregate all countries needed in order to have water consumption

data for the EU-28. According to these data, the Figure 66 represents the EU-28 consumption of
water by type for the 1995-2009 period.
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Figure 66. EU-28 water consumption (1995-2009) by type from WIOD database.
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2.7.4.2. Water potential

Two water potentials at EU-28 level are considered: the total water resource and the share of it
which is accessible for human use. First, we have used the Internal Renewable Water Resources
(IRWR) from AQUASTAT,> which is a metric of the long-term average annual flow of rivers and
recharge of aquifers generated from endogenous precipitation (double counting of surface water
and groundwater resources is avoided by deducting the overlap from the sum of the surface water

and groundwater resources): 1,505 km3.

The share available for human use was obtained combining the IRWR for UE-28 with the share of
total renewable (blue) water supply accessible to humans from the OECD (75%) from Table 10.1
from (UNESCO, 2009): 1,130 km?3.

Shttp://www.fao.org/nr/water/aguastat/water res/index.stm
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3. Tested scenarios and results

3.1. Scenarios

The objective of this deliverable is to present the European version of the MEDEAS model. In order
to illustrate some of the capabilities and diversity of features included in the model, this section
reports the outputs from two experimental simulations. It is important to recall that the model
includes thousands of variables and it is very flexible in the design of its scenarios. This section
does not pretend to be comprehensive and exhaustive, but only to illustrate some experimental
results. Section 3.1.1. describes the tested scenarios, section 3.1.2. the implementation in the

model and, finally, section 3.2. reports the obtained results.

3.1.1. Tested scenarios

MEDEAS-EU model, as any simulation tool, needs assumptions about the socio-economic context
evolution of both the EU and the rest of the World as external inputs, such as expected economic
growth, population evolution or technological progress.

Running models can be a cumbersome task when the models have several parameters,
assumptions and policies that can be varied at the same time. In order to establish those inputs in
a coherent and sensible way, scenario methodology is usually applied. The current standard set of
scenarios in climate change research is the Shared Socioeconomic Pathways (SSPs). The SSPs are a
set of five qualitative descriptions of future changes in demographics, human development,
economy and lifestyle, policies and institutions, technology, and environment and natural
resources. The narratives are intended as a description of plausible future conditions at the level
of large world regions that can serve as a basis for integrated scenarios of emissions and land use,
as well as climate impact, adaptation and vulnerability analyses (MEDEAS, 2017b; O’Neill et al.,
2017).

In this report, we apply the SSP2 scenario from the climate change modelling community in the
MEDEAS-EU framework, which constitutes a scenario similar to a BAU (continuation of current
trends). We follow the approach of “adaptive scenarios” presented in Task 3.3.c (MEDEAS, 2017c);
i.e. the inclusion of biophysical feedbacks and constraints modifies the exogenous assumptions of
the scenario. We call that scenario SSP2-baseline.
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Subsequently, we apply a set of policies to try to mitigate GHG emissions to safe levels. We refer

to this scenario as SSP2-OLT (optimum level transition, D3.3 (MEDEAS, 2017b)).

3.1.2. Implementation of the scenarios in MEDEAS-EU

For the implementation of SSP2-Baseline and SSP2-OLT in MEDEAS-EU, the exogenous drivers of
population evolution and expected GDP growth for Europe from IIASA D3.3 (MEDEAS, 2017b) have

been used (see Figure 67).
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Figure 67. Population growth and GDP quantification of the SSP2 from D3.3.

We shall recall that in MEDEAS, GDP is an endogenous variable, so in the spirit of “Adaptive
scenarios” Task 3.3.c (MEDEAS, 2017c), the exogenous GDP trend will be achieved only in the case

that there are not constraints that limit it.

For the rest of assumptions to run the SSP2-Baseline, we have interpreted the narrative and
adjusted the parameters of the model to it. We recall that this narrative is basically a BAU, i.e. an

extrapolation of current trends.

For the SSP2-OLT, after literature review, we have implemented a set of policies starting in 2020
with the aim of directing the energy system towards a low carbon and sustainable future, which

includes:

e Higher deployment of RES for electricity, biofuels and heat,

e Preference to technologies which save land (e.g. rooftop PV),
e (Slight) increase in nuclear power,

e Higher electrification (and shift to hybrid modes) of transport,

e Higher recycling rates of minerals,
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e Reducing the share of oil in electricity and heat consumption,

e Increase the final energy efficiencies at both economic sector and technology-levels.
Thus, the SSP2-OLT could be classified as a “Green Growth” scenario.

Both scenarios share the same characteristics in terms of required GDPpc required, population
evolution and fossil fuel and uranium endowments, among others. As explained before, the
simulation of a scenario within MEDEAS-EU requires the global context to be taken into account,
i.e. the SSP2-Baseline for EU is affected by the evolution of some key variables of this same
scenario at global level (the same applies for SSP2-OLT); see D4.1 for more details on these results.
For example, climate change impacts, and imports from RoW, which are constrained by total
global production per primary commodity.
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3.2. Experimental results

This section reports the main results of MEDEAS-EU 1.0 model up to 2050 with the scenarios
described in the previous section (SSP2-Baseline and SSP2-OLT). Population grows following the

exogenous path imposed.

The generation of energy from RES increases steadily from current ~10 EJ/yr for both scenarios,
almost doubling in the case of the OLT by 2050 (Figure 68a). The consumption of non-renewable
energies (oil, coal, gas and uranium) is roughly maintained at current levels in the period 2015-
2025, starting to steadily decrease thereafter (Figure 68b). As a result, the share of renewables in
the energy mix increases to almost reach 50% in OLT. Figure 68 shows the exponential increase
trend in the penetration share of renewables in the energy mix (Figure 68c).
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Figure 68. Primary energy mix: (a) generation of renewables; (b) non-renewables (oil, gas, coal and uranium) and

(c) share of renewables in the energy mix.
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Figure 69. Environmental impacts: (a) GHG emissions; (b) Land requirements for renewables and (c) share of
blue water use vs. accessible runoff.
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This transition process to renewable energies implies significant environmental impacts: GHG
emissions follow a similar pathway than the consumption of non-renewable energies. In the
Baseline scenario, there is a slight increase in GHG emissions until 2030 followed by a decline,
while in the case of the OLT scenario there is a stabilization from current levels followed by a
decline from 2025 (Figure 69a). Land requirements for renewables (from biofuel crops, solar on
land, hydro and wind) nowadays roughly occupy the same area than artificial surfaces in the EU.
The expansion of renewables in both scenarios drive the increase in the use of land for energy
purposes, 30 Mha in Baseline and almost 60 Mha in the OLT (figure 69b). These surfaces are
significant and represent 7 and 14% in relation to the total terrestrial area of the UE. In the case of
OLT, the natural areas represent less than 12% of the total terrestrial area before 2035, thus
representing a potential danger for biodiversity preservation in the EU. Also, water consumption
increases although remaining all the simulation period < 20% of the estimated accessible runoff
(figure 69c).

In terms of minerals required for the deployment of alternative technologies in UE (i.e. electric
batteries and technologies for electricity generation solar PV, CSP, wind onshore and wind
offshore), Table 41 shows the demand (of mined minerals) in 2050 of each mineral considered in
MEDEAS framework as a share of the EU current level of extraction. Those minerals with a
demand higher than 10% in any of the scenarios are aluminum, copper, gallium, indium, lithium,
manganese, tin and tellurium. Table 41 also shows that there is a trade-off in the OLT scenario
between higher demand of minerals (due to higher level of deployment of alternative
technologies) and higher recycling rates, which in some cases cause that the demand of mined
mineral in this scenario to be lower than for the Baseline scenario (e.g. aluminum, copper,

manganese, nickel, etc.).
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Table 41. Demand of mined mineral in 2050 of each mineral as a share of the EU current level of extraction. — a
represents minerals which are currently not mined in the UE.

_ Demand of mined mineral in 2050 as a share of EU-2015 extraction
[Mineral 55P2-Baseline 5SP2-OLT

Aluminium (Al) 10% 1%
Cadmium (Cd) 1.3% 4%
Chromium (Cr) <1% <1%
Copper (Cu) 24% 11%
Gallium (Ga) 11% 35%
Indium (In) 19% 64%
Iron (Fe) 2% <1%
Lithium (Li) 53% 80%
Magnesium (Mg) _a _a

Manganese (Mn) x2.5 95%
Molybdenum (Mo) -2 -2

Nickel (Ni) 5% 1%
Lead (Pb) <1% <1%
Silver (Ag) <1% <1%
Tin (Sn) X32 X7

Tellurium (Te) 55% x1.8
Titanium (Ti) -2 -2

Vanadium (V) -2 -2

Zinc (Zn) <1% <1%

In terms of the efficiency of the system, Figure 70a shows that the EROI of the system declines for
both scenarios from current levels ~10:1 to < 8:1 by 2050. This level represents a mid-way
between the minimum EROI levels identified in the literature to sustain a complex society typical
from the advanced industrial economies of the North hemisphere (Brandt, 2017; Hall et al., 2009).
The decline in the OLT scenario is steeper due to the larger penetration of renewables in the
energy mix of this scenario. It is noteworthy that the EROI levels of the EU system are higher than
those obtained for global level and reported in D4.1. This is related to the different energy mix in
both cases: the renewable electricity mix in EU is dominated by wind (~60% by 2050) which is a
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technology of relatively high EROI, while in the global scenario the renewable electricity mix was
dominated by solar technologies (>60% by 2050), which are characterized by lower EROI levels.

Figure 70b shows the evolution of the total final energy intensity (all sectors and households
aggregated). Scenario OLT achieves higher efficiency levels by 2050, however this trend is
somewhat compensated by a higher EROI of the system. The cumulated efficiency gains in terms
of final energy in the period 2009-2050 are of -25% and -28%, respectively.

However, Figure 70c shows that in terms of physical energy intensity, i.e. taking into account the
ratio between the primary energy actually consumed and the net energy used by the society, the
efficiency of the system does not improve for any of the simulated scenarios.
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Figure 70. Efficiency of the system: (a) EROI of the system; (b) Total final energy intensity and (c) Physical energy
intensity TPES vs net.
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Figure 71. Aggregated variables: (a) Total Final Energy Consumption, (b) GDP and (c) GDP per capita.
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In terms of aggregated energy and monetary variables, both the Total Final Energy Consumption
(TFEC) and Gross Domestic Product (GDP) show a similar trend in the simulated period for both
scenarios (Figures 71a, 71b y 71c): roughly maintaining current levels up to 2025-2030, and a
declining thereafter. This is mainly due to the strong climate change impacts coming from the
MEDEAS-W in both scenarios, reaching 5-6% by 2050. Thus, in this case, EU policies for the
transition to a low carbon system are hindered by the non-mitigation of GHG at global level. The
integration of 10T modelling allows to compute the total final energy footprint (TFEF), which is
currently around +15% of the TFEC; this difference decreases in both scenarios in a way that by
2050 the TFEC is almost equivalent to the TFEF.

In the performed simulations, trade of UE from RoW has not been constrained. However, as
shown in Figure 72, the share of imports of non-renewable energies of EU from the RoW as a
share of the global non-renewable energy extraction remains in both scenarios at around
historical levels of ~10%.

Share NRE imports EU from RoW vs global NRE
extraction
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Figure 72. Share of non-renewable energy imports of EU from RoW as a share of the global non-renewable
energy extraction.
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4. Limitations and further developments of
MEDEAS-EU model

As any model, MEDEAS-EU presents a number of limitations. Most of them are shared with
MEDEAS-World model.

4.1. Structure of the model

By submodules, we identify the most significant potential developments:
Economy module

e The main data source (WIOD database) provides a limited number of observations (15
years from 1995 to 2008). For the update of the global version as well as development of
MEDEAS-EU and country level new data sources may be used instead,

e Consistent endogenous integration of technological change in the economic submodule
(dynamic evolution of technical coefficients of A matrix, energy intensities evolution, etc.),

e Dynamic evolution of technical coefficients of A matrix: in the current version the A matrix
remains constant with the 2009 values while the pathways simulated by the model imply in
fact structural changes in the economic structure.

e Consideration of rebound effect,

e Consideration of employment,

e Consideration of taxes. The current modelling structure may allow to separately taxing (1)
households and (2) firms (Gross Operating Surplus), which would subsequently affect

public investment,
Energy and infrastructures module

e Expand the modelling of energy infrastructures to all energy generation and distribution
technologies,

e Computation of the EROIst (and allocation mechanism) to all energy sources,

e Estimation of EROIst, EROIpou and EROlext of the whole system

Interaction of Energy and Economy

e Integration of primary energy intensities,
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e More realistic allocation of energy scarcity between economic sectors (investigate different
allocation rules beyond the proportional method implemented in this model version),

e Improve the modelling of the interaction between energy supply and demand in cases of
energy scarcity for a more realistic, dynamic approach (e.g. replacement of final fuels),

e Improve the method to feed-back the EROI of the energy system to the economic
submodule.

The improvement of the representation of the energy and economic interaction may allow to
explore the possibility to reach a steady-state economic level based on a constant level of RES

sustainable exploitation.

Materials
e Consider estimates at EU levels of the future availability of minerals.
e Improve the representation of minerals supply constraints, and eventually feed-back to the
energy and infrastructure submodule.
e Include the dependence of energy requirements as a function of decreasing ore for those
minerals where this is a relevant fraction of the full LCA.

GHG module

e Pursue the investigation related to the design and implementation of the damage function,
given the high uncertainties related to the climate change impacts,

e Implications of different levels of adaptation (Fissel, 2010; Watkiss et al., 2015),

e Explore integration of climate change feedbacks through the economy module of MEDEAS
(e.g. climate impacts as loss of productive capacity),

Social and environmental impacts indicators

e Estimate jobs of NRE to be able to compare the net gain/loss of jobs after the energy
transition.

e Implement a relationship between inequality indicators (e.g. ratio labour vs capital share)
and other inequality indicators such as Gini. The relationship between inequality and

climate change impacts might also be investigated (Neher and Miola, 2015).

The current version of MEDEAS focus on solely 1 of the 9 planetary boundaries identified in the
literature: climate change. Further versions of the model would substantially benefit through the
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implementation of aspects of the other dimensions: novel entities, stratospheric ozone depletion,
atmospheric aerosol loading, ocean acidification, biogeochemical flows (phosphorus and
nitrogen), freshwater use and land-system change (Rockstrém et al., 2009; Steffen et al., 2015).
However, the limitations to include these dimensions are considerable given the uncertainties and

complexities involved.

Given that neither climate change impacts nor potential energy scarcities play a role in most
energy-economy-environment models in the literature, most models operate within a “growth
paradigm”. However, this is not the case in MEDEAS framework, where biophysical constraints
have the potential to restrain economic production significantly. Thus, further work must be focus
on the consistent integration of feedbacks that may start to operate in situations of continued
GDP reductions (e.g. affecting investments, demand, etc.). These feedbacks will likely be very
different depending on the societal approach to deal with this situation, e.g. maintain of the
“growth paradigm” or shift to alternative “no-growth” approaches (Capellan-Pérez et al., 2015).
Non-linear effects such as the so-called “Seneca effect” (i.e. when the decline is faster than

growth) might also be expected.®

 http://cassandralegacy.blogspot.rs/2011/08/seneca-effect-origins-of-collapse.html.
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4.2. Policies

The current MEDEAS model has a set of policies to explore alternative scenarios. However, most of
these are technological options, and non-technological alternatives focusing on the shift of
individual and collective preferences and lifestyle changes are scarce (as most models in the
literature (van Sluisveld et al., 2016)). Hence, further versions of MEDEAS may include:

- Alternative diets with lower carbon and energy footprint —and potentially healthier- (Green
et al., 2015),

- Higher education, which could lead to reduced energy intensity in production (MEDEAS,
2016, p. 2),

- Reduction in working hours per person (MEDEAS, 2016),

- Demand management policies (mobility, etc.),

- Agroecological farming (reduce fossil fuel inputs, peak potassium, peak phosphorus)
(Garcia-Olivares, 2015).

- A more sophisticated modelling of the non-energy use demand would allow to implement
more targeted substitution policies (Daioglou et al., 2014; Garcia-Olivares, 2015).
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5. Conclusions

MEDEAS-Europe simulation model is the main result of the deliverable 4.2 of the MEDEAS project.
It is an integrated energy-economy-environment assessment model that has been developed with
the systems dynamics methodology and initially programmed with the Vensim software. However,
it will be later translated to Python, in order to provide a model in open-source software. This
model requires as input some of the results of the simulation of the MEDEAS-World model. Thus,
it is required to design and run in parallel two compatible storylines at global and European level
in order to obtain consistent results in MEDEAS-Europe. MEDEAS-Europe model is based on the
global version of MEDEAS and consists of 7 modules: Economy, Energy, Infrastructures, Materials,
Land Use, Social and Environmental Impacts Indicators and GHG Emissions. Among the main
novelties of the MEDEAS framework with respect to other IAMs are the integration of input-
output matrices, feedback between vaiables of the environmental, economic and energy modules
and the estimation and feedback of the EROI. In particular, the adaptation to the regional
European level includes the representation of trade (at both final goods/services and primary
energy level) with the rest of the worls, as well as a simplified representation of the land-use

system.

By default, the simulation model of MEDEAS-Europe is designed to be run in the 1995-2050 time
window, being the year the unit of time, although internally the simulation has a lower sampling
period. Conceptually, the MEDEAS-Europe model is structured in 7 modules:

e Economy and population: the economy of MEDEAS is modelled following a post-Keynesian
approach assuming disequilibrium (i.e. non-clearing markets), demand-led growth and
supply constraints. The economic structure is captured by the integration of IOA (35
industrial sectors and households).

e Energy: this module includes the renewable and non-renewable energy resources
potentials and availability, taking into account biophysical and temporal constraints. In
total, 5 final fuels are considered (electricity, heat, solids, gases and liquids) and a diversity
of energy technologies are modelled. A net energy approach has been followed.

e Energy infrastructures represent the infrastructures of power plants to generate electricity
and heat.

e GHG Emissions: this module projects the GHG emissions in the European Union generated
by human activities.

e Materials: estimation of the materials required for the construction and O&M of the

alternative energy infrastructures.
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e land-use: it is a simple model oriented to obtain information to estimate the potential for
biomass and the potential for solar energy.

e Social and environmental impacts: this module translates the “biophysical” results of the
simulations into metrics related with social and environmental impacts. The objective of
this module is to contextualize the implications for human societies in terms of well-being

for each simulation.

These modules have been programmed in approximately 100 simulation windows and using more
than 5,000 variables. The modules of economy and energy are the most extensive and reach the
highest degree of disaggregation. The model consists of a modular and flexible structure, where
each module can be expanded/simplified/replaced by another version or submodel, new modules
can be added, etc.

The scope of the model covers all the challenges that were proposed in the project. Some of these

relevant challenges are:

a) Use of information generated by the MEDEAS-World simulation model.

b) Integration of Input-Output Matrices (I0T) in the Economy module.

c) Modeling the commercial relations of Europe through the IOT.

d) EROI estimation and its feedback.

e) Socio-economic indicators model implementation.

f) Supply-demand closures model implementation. The energy shortage determines the
feedback between the energy and the economic module.

g) The effects of climate change are feedback into energy consumption.

h) Two standard scenarios have been modelled and implemented. Three other scenarios have

been programmed.

The experimental results presented in this report illustrate the potentiality of MEDEAS-Europe
model. The flexible modelling approach allows to model different assumptions and hypothesis.
The preliminary results show the great importance of global evolution of EU-28 future: without a
global coordinated and fast action to mitigate GHG emissions, the EU-28 may have too little
leeway to adapt to climate change impacts.

Despite the challenges encountered with the model, there are still many limitations and
uncertainties. In particular, further developments should address the inclusion of more dynamics
in the economy module. Concretely, it is important to make A matrix evolving under different
scenarios, but endogenously as well. More dynamization would help to improve the model’s
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allocation between different energy fuels and technologies. Moreover, the modelling of the
interaction between energy supply and demand in cases of energy scarcity should be improved.
The portfolio of policies should be expanded to include more non-technological options. For these
and other reasons detailed in the previous section, the interpretation of the results must be done

with caution.
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Annex 1: Exogenous energy intensity targets

In previous versions of MEDEAS, the evolution of energy intensities was estimated dynamically
based on historical trends and the changes that can be produced on them due to the market

conditions of the final energy types or due to the energy policies.

As in the case of the global medeas_w 1.3 version, in the medeas_eu 1.2 version, a modification has
been introduced and the energy intensity targets in a given year can be defined exogenously, so
that the model evolves towards them. Thus, for the energy intensities (sectoral and household),

three options can be selected in the model:

1) The energy intensities remain constant with the value of the last historical year.

2) Dynamic evolution of energy intensities (option selected by default).

3) Introduction of energy intensity targets for a specific year, so that the model evolves towards
it.

At the same time, two options for the energy intensity target can be selected:

1) The energy intensity target is directly chosen by the user according to particular targets.
2) The energy target is defined by the variation of the energy intensity over the value of a

specific year.

In the case that specific energy intensity targets are defined for a certain year, the scarcity
perception and fuel replacement activation can produce a different result not arriving to the

objective or arriving previously.
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Annex 2: Modelling of fuel replacement

How to measure the scarcity or abundancy of natural resources has been a controversial issue in
economics for a long time (Neumayer, 2000). Ecological Economics criticizes the mainstream
approach considering prices as a reliable indicator of scarcity of natural resources, given its
theoretical and empirical weaknesses. Energy and mineral prices are subject to multiple influences
(institutional framework, oligopolistic market structure, etc.), which prevent perfect competition to
happen neither in the short nor long-term (Norgaard, 1990; Reynolds, 1999). Moreover, given the
inertia and rigidities in the productive processes highly dependent on natural resources, important
adjustments in the economic system are produced with quantity changes (instead of prices), as post-
Keynesian approaches have highlighted (Lavoie, 2014). For both reasons, MEDEAS applies an
alternative "biophysical" perspective to model fuel replacement which takes into account the
evolution of the extraction of natural resources and their physical availability/scarcity (Campbell and
Laherrére, 1998; Valero et al., 2014).

There is a first allocation mechanism in MEDEAS models at primary energy level for the generation
of electricity, assuming that, given infrastructure available, different fuels can contribute to the
electricity mix. Given that priority is given by default to renewable energy sources and nuclear, the
remaining supply is allocated between oil, natural gas and coal. The adjustment for heat is modelled
directly at final energy level given that the large majority of heat is not traded and is thus subject to

the infrastructure at final user level.

There is a second allocation mechanism in MEDEAS models at final energy level, by replacing those
fuels, which are scarcer, by fuels that are not/less scarce. This is performed through the variation of
the final energy intensities. This variation is modelled on top of the exogenous trends for its future
variation set by the user through the inputs.xlsx (see MEDEAS deliverables D4.1 (Capellan-Pérez et
al., 2017), D4.2 (de Blas Sanz et al., 2018) and D4.3 (Alvarez Antelo et al., 2018)). Additionally, fuel
scarcity also has the effect of accelerating efficiency use for this fuel. These fuel replacements and
efficiency improvements are limited, in the standard version of the model, by the historical
maximum from WIOD time-series (Genty et al., 2012; Timmer et al., 2012)).

Fuel scarcity for fuel i (primary and final) is defined as follows:

scarcity;(t) = 1 — abundance;(t)
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demand,;(t) — supply;(t))
demand,;(t)

abundance;(t) =1 —

The perception of inter-fuel energy scarcities are modelled through the balance of the effect of the
sensitivity to scarcity and the forgetting factor (see Figure 1 for the loop diagram of the modelling
for final energy scarcities).

Abundance final
fuels

energy scarcity

ft ing fact
scarcity final fuels orgetting factor
[ SZ
© - RN - perception of final - VS - ®
mncrease m perception energy scarcity reduction in perception
FE scarcity FE scarcity

sensitivity to
scarcity

perception of inter-fuel
final energy scarcities

Figure 1: Loop diagram of the modelling of the perception of inter-fuel final energy scarcities in MEDEAS. Own
elaboration.

Both parameters can be edited by the user through the inputs file excel sheet:

e Sensitivity to scarcity: this parameter reflects that economic agents and households may
have different perceptions of scarcity and accordingly react differently (i.e., at a different
speed) in a situation of fuel scarcity. 3 levels are pre-defined for the user: low, middle and
high.

e Forgetting factor: this parameter reflects that the perception of scarcity of the economic
agents is also influenced by the persistence in the memory of past events of fuel scarcity. A
by default value of 5 years is assumed.
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Annex 3: Imports

Since MEDEAS-World (medeas_w) logically does not use trade, all the energy consumed is produced
at the same regional level. Thus, net energy final consumption could not trespass the biophysical
boundary imposed by energy availability in the same region (the entire world). In MEDEAS-EU model
(medeas_eu), it is not so simple. Boundaries can be artificially trespassed thanks to international
trade, i.e. EU28 is able to consume more energy than produced. In fact, this is the current situation
of the EU, and one of the main vulnerabilities in a context of world energy depletion. Hence, in order
to take into account of global limits on energy consumption, different scenarios can be applied, as

summarised in Table 1.

Table 1. Energy-economy feedback under different scenarios.

No limits EU28 can import energy limitless.
Current shares EU28 can import energy at current levels.
Fixed share EU28 can import energy with a user-fixed level.

Source: own elaboration.

In the ‘No limits’ scenario, there are no restrictions for EU28. Thus, EU28 is allowed to import as
much energy as it needs to consume, regardless if it is consuming even the 100% of world energy
for each type. On the contrary, the two other scenarios do impose boundaries to energy

consumption.

Furthermore, ‘Current shares’ implies that, for each final energy source, EU28 can import no more
that the current proportion of EU28 consumption over the world supply.

Finally, ‘Fixed share’ let the user to fix that proportion over the world extraction at his or her

preference, no matter if over or under current levels.

How the energy consumption is distributed amongst regions is also a measure of equality and has
deep implications on the issue of a fair transition.
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Annex 4: Other minor corrections

Minor corrections have been introduced in the medeas_eu v1.2 model with relation to the materials
submodule (material intensity (kg/new MW) of glass for the construction phase of solar PV and the
energy consumption per unit of material consumption of Ga and Te), and with relation to the

calculation of the EROI of the system.
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