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ABSTRACT

Energy planning models traditionally support the energy transition by focusing on cost-optimized
solutions that limit greenhouse gas emissions. However, this narrow focus risks burden-shifting,
where reducing emissions increases other environmental pressures, such as freshwater use, solv-
ing one problem while creating others. Therefore, we integrated Planetary Boundary-based Life
Cycle Assessment (PB-LCA) into energy planning to identify solutions that respect absolute envi-
ronmental sustainability limits. However, integrating PB-LCA into energy planning introduces chal-
lenges, such as adopting distributive justice principles, interpreting trade-offs across PB indicator
impacts, and managing subjective weighting in the objective function. To address these, we em-
ployed weight screening and interpretable machine learning to extract key decisions and action-
able insights from the numerous quantitative solutions generated. Preliminary results for a single
weighting scenario show that the transition scenario exceeds several PB thresholds, particularly
for ecosystem quality and mineral resource depletion, underscoring the need for a balanced
weighting scheme. Next, we will apply screening and machine learning to pinpoint key decisions
and provide actionable insights for achieving absolute environmental sustainability.
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INTRODUCTION

Energy planning models serve as tools to support
the energy transition, charting cost-effective pathways
that meet carbon reduction targets. A limitation of these
models lies in the narrow focus on carbon reduction
which leads to burden-shifting, where emission reduc-
tions inadvertently increase other environmental pres-
sures, like freshwater use. To address this, Life Cycle As-
sessment (LCA) methods have been integrated into en-
ergy models, revealing burden-shifting but providing only
relative insights compared to a reference system. A shift
toward Absolute Environmental Sustainability Assess-
ment has recently emerged, linking LCA with the Plane-
tary Boundary framework (PB-LCA). However,

integrating PB-LCA into energy planning poses signifi-
cant challenges [1]. For instance, considering PBs as hard
constraints relies on normative distributive justice theo-
ries to convert PBs into regional and sectorial thresholds.
Alternatively, multi-objective optimization of the PB im-
pacts introduces hard-to-interpret trade-offs, and ag-
gregating impacts into a single objective raises concerns
over the weighting scheme.

In this work, we integrated PB-LCA into energy plan-
ning. To address the challenges related to decision mak-
ing under normative distributive justice theories and mul-
tiple criteria, we leveraged interpretable machine learn-
ing techniques [2]. This allows deriving key decisions and
actionable insights from the many quantitative solutions
generated.
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METHOD

We adopted Energyscope TD [3], a Linear Program-
ming (LP) tool for whole-energy system planning, applied
to Belgium. To assess the environmental impact of 24 re-
sources and 111 technologies available, we developed a
prospective database using premise [4], aligned with the
REMIND-SSP2-1150 scenario for 2020-2050. The impact
indicators from EF 3.0 were adopted and scaled by the
global carrying capacities, to reflect the share of the
global safe operating space occupied by the optimized
energy system [5]. The total cost and environmental in-
dicators were combined into a weighted objective func-
tion. To avoid fixed subjective weighting, we sampled nu-
merous weighting schemes.

For postprocessing, we applied downscaling meth-
ods to determine regional limits for the energy transition
(e.g., utilitarian). From the solution set obtained via
weight screening, solutions meeting absolute environ-
mental sustainability were identified for each sharing
principle. Additionally, we used decision trees [2] and
rule lists to identify "must-have" technologies (common
choices across solutions) and key decisions (e.g., low bi-
oenergy adoption implies full electrification of low-tem-
perature heating) to reach interpretable insights from the
numerous quantitative solutions.

High-risk

Figure 1. The main environmental impacts for a GWP
trajectory reaching zero impact by 2050. CC = Climate
change, PM = Particulate Matter, MRD = Mineral
Resource Depletion, FEU = Freshwater eutrophication.

PRELIMINARY RESULTS

As a preliminary result, we optimized the energy
transition for total cost while constraining the GWP limit
to decrease linearly from current emissions to zero by
2050 (Figure 1). The impact on other PB indicators was
evaluated a posteriori but not integrated into the objec-
tive function at this stage. The results show a reduction
in the climate change indicator, reaching a safe operating
space by 2040, driven by the phase-out of fossil fuels
and increased deployment of renewables and electrifica-
tion in heating and mobility. Conversely, burden-shifting
is observed in Mineral Resource Depletion, which evolves
from a safe level in 2020 to an uncertain state from 2030

onwards, driven by the growing reliance on batteries and
electric mobility.

PERSPECTIVES

Preliminary results illustrate that while limiting GWP
reduces climate-related impacts, it shifts burdens to
other indicators. This highlights the need for weight
screening and key decision analysis to balance PB reduc-
tion targets. Next, all indicators will be integrated into the
objective and weight screening will be applied. From the
numerous solutions generated, actionable insights will be
extracted to guide decision-making.
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