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Abstract

Planetary boundaries define a
formal framework for a more
"integrated” analysis of human
activities' impacts on various
environmental categories. Their
application to energy systems
allows assessing the
sustainability of different mixes
and transition trajectories
beyond direct CO, emissions.

In this study, we propose to
evaluate the environmental
impacts of a carbon neutrality
trajectory, expressed in direct
CO2 emissions, of the European
electricity system on life cycle
greenhouse gas emissions,
water consumption, land use,
and eutrophication. The impact
on the consumption of various
materials is also assessed. From
this neutrality scenario, several
transition trajectories, including
an explicit constraint on the
various impact categories, are
then proposed to assess the
effect of a broader
understanding of sustainability
on technology choices. The
methodology proposed should
be taken as a proof-of-concept
of an environmental impact
assessment of the European
power system with the planetary
boundary framework. The
method is based on the
extension of an intertemporal
optimization model of the
European electricity system,
eTIMES-EU, to highlight possible
transfers or convergences
between impact categories. The
results show that a rapid phase-
out of fossil fuels allows a
reduction of greenhouse gas
emissions as well as other
pollutions. However, respecting
the planetary boundaries at the
European scale requires limiting
the demand for electricity and
improving industrial processes
to reduce the environmental
impacts of technologies.
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Résumé

Les limites planétaires
définissent un cadre formel pour
une analyse plus "intégrée” des
impacts des activités humaines
sur les différentes composantes
environnementales. Leur
application aux systemes
énergétiques permet d'analyser
la soutenabilité de divers mix et
trajectoires de transition au-dela
des émissions directes de COs..
Dans cette étude, nous
proposons d'évaluer les impacts
environnementaux d'une
trajectoire de neutre en carbone,
exprimée en émissions directes
de CO,, du systéme électrique
européen sur le cycle de vie des
émissions de gaz & effet de
serre, la consommation d'eau,
I'utilisation des sols et
l'eutrophisation. Limpact sur la
consommation de divers
matériaux est également
analysé. A partir de ce scénario
de neutralité carbone, plusieurs
trajectoires de transition,
incluant une contrainte explicite
sur les différentes catégories
d'impact, sont ensuite proposées
pour analyser les effets de cette
compréhension plus large de la
soutenabilité sur les choix
technologiques. La
méthodologie exposée doit étre
considérée comme une preuve
de concept d'une évaluation de
limpact environnemental du
systeme électrique européen
dans le cadre des limites
planétaires. La méthode est
basée sur I'extension d'un
modele d'optimisation
intertemporelle du systeme
électrique européen, eTIMES-EU,
afin de mettre en évidence les
transferts ou convergences
possibles entre les catégories
dimpact.

Les résultats montrent qu'une
élimination rapide des
combustibles fossiles permet de
réduire les émissions de gaz &
effet de serre ainsi que d'autres
pollutions. Cependant, le respect
des limites planétaires & I'échelle
européenne requiert de limiter la
demande d'électricité et
d'améliorer les processus
industriels pour réduire les
impacts environnementaux des
technologies.
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Introduction

The concept of planetary boundaries (PB)
introduced by []] provides a conceptual
framework for assessing the environmental
impacts of energy systems. Until recently, efforts
on models have been concentrated on the
design of transition trajectories that reach
carbon neutrality. This approach has the
disadvantage of neglecting other environmental
impacts, some of which may be detrimental to
the sustainability of the power system. Some
recent studies have assessed the sustainability
of economic sectors using the PB framework. For
example, [2] looks at the dairy sector, [3] at a
water utility company or [4] at a retailer. More
specifically, on energy systems, [5] on hydrogen
production, [6] on the European heating sector.
On electricity production, [7] propose to evaluate
the development of the US power system in 2030
using the concept of PB. This study considers the
different environmental impacts individually,
without  substitution between them and
constraints are set specifically. This approach is
part of the strong sustainability framework and
allows to go further than the respect of green-
house gas (GHG) emission objectives linked to
the Paris Agreement.

While this paper represents an advance in
modeling the power system transition, the study
is limited to optimizing a power system for one
year and one country. This choice of modeling
does not allow to consider trajectories over time
and the sharing of constraints between
countries with interconnections. Our study
proposes to consider these two dimensions by
focusing on the European power system
between 2016 and 2050 within the framework of
global limits. Research questions that structure
this paper are:

¢ To what extent does taking into account PB
in a strong sustainability approach for
developing the European power system
modify the current approach of reaching
carbon neutrality?

e What are the ways to reduce the
environmental impact of the power system
and policies they imply ?



1. Methodology

11 Model

The evolution of the power system is assessed using the eTIMES-EU linear optimization model [8]. It covers
all EU countries, except Cyprus and Malta, plus Norway, Iceland, the United Kingdom and Switzerland. The
period considered is from 2016 to 2050. The model minimizes the total discounted cost with respect of
constraints related to electricity production. Cost assumptions are taken from the [EA and interconnection
levels from the TYNDP2020 [9].

The structure of the model has been modified to consider environmental impacts. For each technology,
material requirements per installed capacity and the environmental impacts per unit of electricity
produced are considered. Materials covered are aluminum, concrete, copper and steel. The data are taken
from [10]. The environmental impacts are direct CO, emissions and life cycle GHG emissions, land
occupation, Nitrogen (N) flow, Phosphorus (P) flow and water consumption. Life cycle data are mainly taken
from [11]. The changes made on the model are illustrated by Figure 1. The original structure of the model
contains basic inputs and outputs in red. Materials in grey and environmental impacts have been added
for all technologies.

Emissions related to climate change are covered at two levels. The first is to consider direct CO2 emissions
and apply a carbon neutrality constraint. This method is the most widespread in energy system models.
GHG emissions are life cycle. It is then possible to set constraints on the cumulative emissions over the
entire time horizon. This method is less used in models but allows to treat more precisely the impact of the
power system on climate.

Figurel. Simplified representation of the implementation of material demands
and environmental impacts in the model
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Note:  Green and grey boxes represent the addition to the original structure limited to red boxes.



1.2 Planetary boundaries

In order to compare the performance of the different scenarios, we used PB values downscaled to the
European power system. Global values for N and P flows and water are taken from [12]. The global value for
land occupation comes from [13] and the global GHG emissions correspond to the CO, emission quota to
guarantee a 50% chance of reaching a 1.5°C trajectory[14]. These global values are then downscaled to
Europe. The share allocated to Europe is calculated according to the principle of equality by considering
the European population in 2016 compared to the world population of the same year. This share is fixed for
all scenarios. Finally, the share allocated to the power system is calculated differently. The first one, the
most ambitious, is based on the utilitarian principle. The allowed emissions for the power system are
calculated according to the share of the value added of the sector in the GDP. This share for the power
system in 2016 corresponds to about 2% of the European quota. The other method is based on the
grandfathering principle. The share of the European quota allocated to the power system is equal to the
share of GHG emissions of the power system in relation to total European emissions. It was around 24% in
2016.

Values are set for the entire zone, countries do not have individual constraint on PB.

1.3 Scenario description

Our reference scenario is the NEUTRALITY case. It is built to reach carbon neutrality in 2050, other
environmental impacts are not constrained. Electricity exchanges are allowed. The carbon neutrality is set
for the entire zone.

A set of additional scenarios is considered to explore environmental impact reductions. REDUCTION_20%,
30%, 40% and 50% scenarios are variants of the NEUTRALITY scenario where constraints are added on
environmental impacts in addition to carbon neutrality in 2050. Percentages refer to levels of
environmental impact reduction. For example, the 20% reduction refers to constraint values corresponding
to the environmental impacts of the NEUTRALITY case multiplied by 0.8. For the GHG, the constraint applies
to cumulative emissions between 2020 and 2050. For the other impacts, the constraints are set by a linear
interpolation between level in 2020 in the NEUTRALITY case and the value fixed in 2050 after the reduction
is applied.

All scenarios have the same level of electricity demand corresponding to a moderate level of

electrification in Europe in 2050[12).



2. Results and discussions

2.1 NEUTRALITY Scenario

211  Generation mix

Figure 2 shows that achieving carbon neutrality in 2050 in the NEUTRALITY scenario requires a gradual
phase-out of fossil fuels, replaced in majority by wind, PV and hydro. The system also uses a small amount
of bioenergy in 2050 to offset the remaining direct CO2 emissions.

Figure2. Generation mix for the NEUTRALITY scenadrio
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Figure 3 displays the environmental impacts of the NEUTRALITY scenario. It shows that the fossil fuel phase-
out is globally beneficial for non-GHG environmental externalities. We observe approximately a division by
2 for N and P flows and water. This decrease related to the fact that fossil fuels are the most polluting
technologies per kWh for most categories.



Figure 3. Environmental impacts for the NEUTRALITY scenario
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While the fossil fuel phase-out tends to reduce other pollutions, gains are smaller and smaller when the
total share of fossil fuels in the overall mix decreases. In other words, environmental pollution linked to non-
fossil technologies is secondary at the beginning of the horizon, but remains non-negligible and accounts
for the majority in 2050. For example, N and P flows slightly increase between 2045 and 2050 due to the
greater use of bioenergy. There is an exception for the land system change category that has a constant
impact between 2016 and 2050.

Figure 4 details each technology's contribution to the generation mix and four environmental impacts. The
graph shows a disparity according to the category considered. For example, nuclear power contributes
little to P flow but almost half the water needs. It is interesting to note the disproportion between some
technologies’ environmental impacts and their production share. Wind power contributes to more than
one-third of the production, while its contribution to each externality is around 10%. Similarly, bioenergy is
responsible for most land occupation, even though it represents only about 5% of production.



Figure 4. Environmental and production shares by technology group in 2050
for the NEUTRALITY scenario
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213 Materials

Figure 5 displays material consumption in the NEUTRALITY scenario. An increase in resource consumption
accompanies the substitution of fossil fuels by renewables. In the NEUTRALITY case, the demand for
concrete and copper is multiplied by 1.5 and 2 approximately between 2016 and 2050. It is multiplied by 2.5
and 5 for steel and aluminum respectively.



Figure 5. Material consumption for the NEUTRALITY scenario
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2.2 Alternative scenarios

221 Generation mix

Figure 6 gives the generation mix for the four alternative scenarios. It shows that the more the constraints
increase, the more the nature of the mix changes compared to the NEUTRALITY scenario. The GHG budget
constraint applied from 2020 to 2050 changes the generation mix over all periods. Constraints on other
dimensions become more restrictive at the end of the horizon. The most important impact of the GHG
constraint is the speed of exit from coal and natural gas. In the REDUCTION_40% & 50% scendarios, the
constraint is so strong that coal plants are shut down as early as 2025. In the NEUTRALITY scenario, coal and
natural gas shares in the production are respectively 10 and 24%. The fact coal has a high GHG emission
rate and that almost all technologies have residual emissions force the model to limit the most polluting
technologies in order to keep some flexibility close to 2050. In the REDUCTION_20%, 30% and 50%, the
constraints in 2050 become to stringent and the model has no other other possibility than forced demand
reduction.

11



Figure 6. Generation mix for the alternative scenarios
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In a less pronounced way, solar is disadvantaged for all periods with a share in the production, which
decreases with the constraint. It accounts for roughly 17% of the production in 2050 in NEUTRALITY, 14% in
REDUCTION_20%, 9% in REDUCTION_30%, 2% in REDUCTION_40% and zero in REDUCTION_50%.

In 2050 the environmental constraints, especially N and P flows, become restrictive. The limited presence
of fossils, important sources of pollution, in 2050 in the NEUTRALITY scenario limits the possibilities to reduce
pollution more significantly. When the constraint increases, land occupation can be reduced by limiting
biogas production, which consumes agricultural land. N flow is lowered by gradually reducing nuclear, PV,
remaining oil turbines and gas cogeneration. Phosphorus flows are reduced by limiting bioenergy, PV, oil
turbines, and cogeneration. Virtual imports in 2050 show the strong impact of the constraints on the
system. The optimal solution provides only about 80% of the demand in the REDUCTION_50% case.

12



222 Comparison to Planetary boundaries downscaled to Europe

Figure7. Environmental impact comparison to downscaled PB with the 2% and 24% methods
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Note: The y-axis gives the number of times the 2% PB is transgressed.

Figure 7 compares the environmental impacts to the downscaled PB with the two allocations principle. It
shows that the NEUTRALITY scenario is often above the limits assigned to the European power system,
especially for GHG emissions, with the allocation rule based on added value. The GHG emissions of the
REDUCTION_50% scenario are still ten times above the downscaled GHG quota. These large differences

highlight the shortcomings of the carbon neutrality objectives compared to a quota-based approach.

For non-GHG emissions, all scenarios are below the limits set by the allocation rule based on the
grandfathering of the GHG emission in 2016. This observation invites to consider each environmental
impactin a specific way. The cost of the efforts must be compared to the expected gains and to the values
of other economic sectors.

223 Materials

Similarly, to the cost comparison, it is difficult to compare the scenarios with each other because the
service provided is not the same. Virtual imports allow the models to install less capacity than in the
NEUTRALITY case. However, the consumption of materials is linked to the infrastructure and the values may

be underestimated in the case of virtual imports.

Figure 8 shows the material consumption in variant scenarios compared to the NEUTRALITY scenario. We
observe that the consumption of concrete and steel in 2050 is slightly higher in all variants than in the
NEUTRALITY case. The consumption of aluminum is lower in variants than in the NEUTRALITY case. This
decrease is related to the lower share of PV in variants.

13



Figure 8. Comparison of material consumption between NEUTRALITY and variant scenarios
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3. Conclusion and Policy implications

This study makes it possible to rethink the development of the interconnected EU power system by going
beyond the objective of carbon neutrality. Environmental impacts are endogenously considered in a long
term optimization model to study trade-offs between environmental impact categories.

Results can have several policy implications:

e Llevels of environmental impacts in the reference case significantly exceed the thresholds allowed
in most cases, especially for GHG. We showed that reducing these impacts by 20% to 50% is
possible. However, this will imply a rapid phase-out of fossil fuels. It should be immediate for coal
and the share of natural gas has to be reduced to 9% of the production after 2035. Such
decommissioning rates are much more ambitious in comparison to a neutrality case. Finding a
consensus between all European countries might be difficult.

e Theresults show that a 50% reduction of all impact categories would not be sufficient to respect a
PB limitation defined as a 2% share of the European quota with known technologies. The policy
implication is that it is important to anticipate the environmental impacts of future technologies
by adapting industrial processes to limit environmental pollution. Doing so will lower the impact of
the manufacturing and construction phases.

e Ourresults also call for a broader discussion on the distribution of efforts for the various sectors is
needed. A value-added-based allocation only gives a 2% share of the European quota, which is
difficult to achieve. However, a higher share would imply that other sectors with potentially higher
contribution to GDP will be allocated a lower share of the European quota.

e Finally, as an extension of this analysis, the anticipated massive electrification of uses seems
difficult at this stage in view of the associated impacts, which brings the question of electricity
demand reduction.

15
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