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ABSTRACT

Human activities have already transgressed several planetary boundaries, yet energy system
models remain largely focused on greenhouse gas mitigation, reflecting their original purpose of
addressing climate change. Recent integrations of Planetary boundary-based Life Cycle Assess-
ment into Energy System Optimisation Models show that even cost-optimal low-carbon pathways
systematically violate multiple planetary boundaries, indicating that supply-side decarbonisation
alone is insufficient for absolute environmental sustainability. At a 2050 horizon, where energy
supply is largely decarbonised and technologies are assumed mature, further impact reductions
through techno-economic optimisation become limited, positioning final energy demand as a key
remaining lever for restoring feasibility under planetary constraints. To address this gap, we ex-
tend an Energy System Optimisation framework coupled with a Planetary Boundary framework by
explicitly treating final energy demand as a decision variable and exploring energy sufficiency
configurations within a multi-objective formulation minimising system cost and environmental
pressures. The national-scale EnergyScopeTD model is coupled with the RHEIA uncertainty anal-
ysis framework to propagate uncertainty in final energy demands and to identify demand-side
drivers through global sensitivity analysis. Applied to Belgium, the results show that individual mo-
bility demand is the dominant driver of environmental pressures across multiple planetary bound-
aries, with consistently higher influence than other end-use demands. While large-scale vehicle
fleet electrification substantially reduces climate impacts, it simultaneously shifts pressures to-
ward other environmental dimensions, indicating that technological substitution alone, even com-
bined with moderate sufficiency, is insufficient to achieve absolute sustainability. Overall, the re-
sults confirm that energy sufficiency, particularly in mobility, is necessary for operating energy
systems within planetary limits, and that anchoring system design in absolute sustainability
thresholds provides a robust basis for prioritising demand-side mitigation strategies.
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INTRODUCTION central challenge for sustainability science [1, 2]. Alt-
hough climate change has historically dominated envi-
Background ronmental policy and energy planning, it is now well es-

tablished that a narrow focus on greenhouse gas mitiga-
tion risks shifting environmental pressures toward other
critical Earth system processes, including biodiversity

With seven out of nine planetary boundaries already
transgressed, ensuring that human activities remain
within the Earth’s safe operating space has become a
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Figure 1. Each LCA indicator obtained from the belgian energy system designs satisfying the constraint of 20 Mt
C02,eq emissions in 2045, aligned with the work of Van den Oever [19], and a total system cost below 130% of
the optimal-cost solution can vary within a solution space represented by the strongly colored areas. The indicator
values corresponding to the optimal-cost solution are shown as black dots. Three boundaries are displayed to
facilitate interpretation: moving from the center outward, the first corresponds to the egalitarian sharing principle
(EG.), the second to the utilitarian sharing principle (UT.), and the outermost boundary represents the total PB (at
100%), as reported in Table 1. Because the PBs and the associated risk of exceeding them are uncertain, the
boundaries are deliberately represented as blurred rather than as sharp, well-defined lines.

loss, freshwater degradation, and material depletion [3,
4]. Achieving climate neutrality alone is therefore insuffi-
cient to guarantee a long-term viable Earth system capa-
ble of sustaining ecosystems, essential resources, and
human well-being [5].

Energy systems are central to this challenge. As en-
ergy transitions progress toward low carbon configura-
tions dominated by renewable resources, electrification,
and synthetic fuels, the importance of construction
phase relative to the full life cycle impacts increases [6,
7]. In such systems, a growing share of environmental
pressures originates from material extraction, infrastruc-
ture deployment, and upstream supply chains rather than
from direct operational emissions [8]. This shift implies
that future energy system designs must be assessed not
only against climate targets but also against a broader
set of environmental constraints reflecting absolute eco-
logical limits.

In response, recent research has proposed integrat-
ing life cycle assessment and the planetary boundaries
Ghuys et al. / LAPSE:2026.0255

framework into energy system optimisation models, ena-
bling the evaluation of energy transitions against abso-
lute environmental thresholds rather than relative impact
reductions [9, 10]. Building on this approach, a methodo-
logical framework was recently developed to embed pro-
spective life cycle assessment and planetary boundary-
based normalisation directly into national scale energy
system optimisation. Applied to a Belgian case study, this
framework showed that even under stringent carbon
constraints, energy system configurations systematically
violate several planetary boundaries [9] (shown in Figure
1).

These results point to a fundamental limitation of
supply focused energy system optimisation and raise a
critical question for energy system planning. If advanced,
cost efficient, and climate compatible energy systems re-
main environmentally unsustainable when assessed
against planetary boundaries, where does the remaining
leverage for action lie?
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Figure 2. Schematic overview of the integrated modeling framework combining life cycle assessment and
planetary boundary analysis with energy system optimisation. The process begins with comprehensive input data
collection for the energy system, including technology performance, resource availability, and a prospective life
cycle inventory (LCI) for all technologies and fuels. These data feed into the energy system design optimisation
model (EnergyScopeTD), which has been augmented with life cycle impact assessment capabilities. Within the
model, the LCI data are converted into environmental impacts across multiple planetary boundary (PB) indicators
(e.g. climate change, land use, water use) and embedded into the optimisation structure. The model then performs
a multi-criteria optimisation that jointly minimises the total system cost and a portfolio of environmental impact
indicators, with each impact normalised by its PB threshold to ensure comparability. To explore trade-offs between
cost and environmental objectives, a sampling of weight combinations is used, generating a broad Pareto front of

optimised solutions rather than a single optimum.

Literature review

Energy system optimisation models have long been
used to support strategic energy planning by identifying
cost optimal pathways to reduce greenhouse gas emis-
sions and meet climate targets [11, 12]. These models
have traditionally emphasised supply side transfor-
mations, such as fuel switching, electrification, and the
deployment of low carbon technologies, while treating fi-
nal energy demand as an exogenous and fixed input.
Within this paradigm, environmental performance is most
often assessed through operational carbon emissions,
reinforcing a narrow focus on climate mitigation that has
been described as carbon tunnel vision [3, 4].

In parallel, life cycle assessment has been widely
applied to quantify environmental impacts across multi-
ple categories and life cycle stages, highlighting the risk
of burden shifting when focusing on a single indicator.
The integration of life cycle assessment into energy sys-
tem models has substantially improved the environmen-
tal realism of scenario analysis by accounting for up-
stream supply chains and infrastructure related impacts
[13]. However, conventional life cycle assessment re-
mains a relative assessment tool and does not indicate
whether a system is environmentally sustainable in abso-
lute terms. The planetary boundaries framework
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addresses this limitation by defining scientifically
grounded thresholds for key Earth system processes,
providing an absolute reference against which environ-
mental pressures can be evaluated [14, 15]. Recent stud-
ies coupling planetary boundaries with life cycle assess-
ment have shown that many energy pathways compati-
ble with climate targets still exceed planetary boundaries
for indicators such as freshwater eutrophication, partic-
ulate matter formation, or material use [9]. Yet, the ex-
plicit integration of planetary boundaries into large scale
energy system optimisation remains methodologically
challenging due to issues related to indicator heteroge-
neity, normalisation, and burden sharing.

To address these challenges, recent methodological
advances have introduced multi objective optimisation
and goal programming formulations to jointly consider
system cost and multiple environmental objectives, com-
bined with systematic exploration of near optimal solu-
tion spaces [9, 10] (shown in Figure 2). Existing analyses
of optimised energy systems provide valuable insights
into technology trade-offs and system designs. How-
ever, these analyses almost systematically assume fixed
final energy demand, thereby restricting the exploration
of mitigation pathways to supply-side resources and
technologies.
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Research gap and contribution

Planetary boundary informed energy system optimi-
sation consistently reveals a structural limitation. When
multiple planetary boundaries are considered alongside
climate targets, cost optimal designs systematically vio-
late several boundaries, and reformulating optimisation
objectives does not resolve this issue due to persistent
antagonisms between impact categories [9]. Under such
conditions, no feasible solution satisfies cost constraints,
climate targets, and planetary boundaries within existing
optimisation formulations.

Despite these findings, most energy system optimi-
sation studies continue to treat final energy demand as
fixed, focusing mitigation efforts almost exclusively on
supply side technologies and resources. As a result, the
potential of demand-side changes to alleviate environ-
mental pressures under absolute sustainability con-
straints remains largely unexplored within quantitative
energy system optimisation.

This paper addresses this gap by explicitly integrat-
ing demand side sufficiency into planetary boundary con-
strained energy system optimisation. By coupling energy
system optimisation with uncertainty propagation and
sensitivity analysis, the approach quantifies the relative
influence of different demand reduction strategies on en-
vironmental pressures, enabling the identification of pri-
ority demand side levers without making normative as-
sumptions on social acceptability.

METHODOLOGY

Overview of the ESOM-LCA-PB framework

This work builds upon the ESTD-PB modelling
framework, which integrates a national-scale bottom-up
energy system optimisation model (ESOM) with prospec-
tive life cycle assessment (LCA) and the planetary
boundaries (PB) framework. The full mathematical formu-
lation and data assumptions are documented in previous
publications [9, 12]; the present section recalls only the
elements required to understand the analysis introduced
in this paper.

The model determines the optimal investment and
operation of energy conversion, storage, and supply
technologies required to satisfy exogenously defined fi-
nal energy service demands at minimum total annualised
system cost. The optimisation problem is formulated as a
linear program with the following objective function:

: — inv maint op
min Cyo = , (C+Cram)+ >
JETECH ieRES
where Cj",Ci*", and C;’denote investment, mainte-
nance, and operational costs, respectively, and 7; is the

annualisation factor associated with technology lifetime
and discount rate. The optimisation is subject to energy
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balance, capacity, operational, resource availability, and
policy constraints, including a climate constraint.

Environmental impacts are assessed using a cradle-
to-grave life cycle assessment consistent with prospec-
tive background assumptions. For a given environmental
impact category k, total system impacts are computed as
the sum of impacts associated with resource extrac-
tion/prodution, technology construction, and system op-
eration:

LCAK i
LCAfy = D, LCAL D+ ) +ﬂm0)
ieRES JETECH J
+ ), LeAs())

JETECH

To enable an absolute interpretation of environmen-
tal performance, life-cycle impacts are normalised using
the planetary boundaries framework:

fk — LCAIt{Ot
PB PB k

where PB¥ denotes the global safe operating limit asso-
ciated with Earth-system process k.

Uncertainty propagation and sensitivity
analysis

To propagate uncertainty in final energy service de-
mands through the integrated ESOM-LCA-PB frame-
work, this study applies the open-source Python frame-
work RHEIA for uncertainty propagation and global sen-
sitivity analysis [18]. The methodology is used here with-
out modification and is coupled to the energy system
model to analyse the effects of demand variability on en-
vironmental indicators.

Selected final energy service demands are treated
as uncertain input parameters, define as uniform distri-
bution ranging between 70% and 100% of the nominal de-
mand value, while all other model inputs are kept deter-
ministic. These demands are characterised by prescribed
probability distributions around a reference level and de-
fine a random input vector ¢ = (&, ..., ;). For each reali-
sation of ¢, sampled via quasi-random Sobol sampling,
the energy system optimisation problem is solved, and
the resulting life-cycle impacts are computed and nor-
malised using the planetary boundaries framework.
Given the computational cost of repeatedly solving a na-
tional-scale energy system optimisation model, uncer-
tainty propagation is performed using Polynomial Chaos
Expansion (PCE) surrogate modelling, as implemented in
RHEIA. For each environmental indicator of interest, the
model response is approximated by a truncated polyno-
mial expansion:

YO = D) ug Yald

a€Agp
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where ¥, are multivariate orthogonal polynomials con-
sistent with the input distributions, ujare regression co-
efficients, and Ay, denotes the set of multi-indices with
total degree | a |< p.

The coefficients u, are estimated by regression us-
ing a limited number of model evaluations generated
through space-filling sampling. The polynomial degree is
increased until a predefined accuracy criterion is met, as
assessed through leave-one-out cross-validation.

Once constructed, the PCE surrogate enables efficient
evaluation of output statistics and supports variance-
based global sensitivity analysis. For a given output Y,
the total variance Var(Y) is decomposed into contribu-
tions associated with individual uncertain demands and
their interactions. The first-order Sobol sensitivity index
associated with demand iis defined as:

- _ Varg (E[Y | &i])

YT var(Y)

and quantifies the contribution of variations in ¢; to the
total output variance. Total Sobol indices are also com-
puted to capture higher-order interaction effects. All sen-
sitivity indices are derived analytically from the PCE co-
efficients.

RESULTS AND DISCUSSION

Case study description

Based on the results presented in Figure 1, the anal-
ysis focuses on three environmental indicators identified
as the most critical in the reference system: ecotoxicity,
particulate matter formation, and freshwater eutrophica-
tion. Indicators related to mineral and abiotic depletion
are not considered in this case study, as they reflect con-
straints on resource availability and long-term human ac-
tivity sustainability rather than direct pressures on envi-
ronmental systems, which constitute the core focus of
this work. The analysis is conducted in two successive
stages. First, a global sensitivity analysis is performed to
rank final energy service demands according to their in-
fluence on each selected environmental indicator. To this
end, a second-order Polynomial Chaos Expansion is con-
structed over the full set of final energy service demands,
enabling the computation of Sobol sensitivity indices.

For presentation and synthesis purposes, Sobol in-
dices are aggregated across the selected environmental
indicators and across individual energy service catego-
ries. The results are reported as box plots, where each
box represents the distribution of Sobol indices obtained
for a given demand type, pooling the indices computed
for all considered environmental indicators and corre-
sponding demand components. In a second step, tar-
geted demand reduction scenarios are defined based on
the outcomes of the sensitivity analysis.

Ghuys et al. /| LAPSE:2026.0255

Demand Sobol’s indices

The sensitivity analysis shows that variations in mo-
bility demand are the dominant driver of environmental
impacts in the energy system.

Across all considered environmental indicators, mo-
bility demand consistently exhibits the highest influence,
independent of the specific critical planetary boundary
considered. This dominance is reflected in the limited
dispersion of Sobol index values associated with mobility
demand compared to other final energy service catego-
ries, indicating a systematic effect.

These results are consistent with previous findings
by Gauthier Limpens [12], who identified individual mo-
bility, particularly through the renewal of the Belgian ve-
hicle fleet, as the largest cost component of the energy
transition. Together, these findings suggest a potential
alignment between economic and environmental objec-
tives when defining transition pathways toward a more
sustainable mobility system. This conclusion is further
supported by previous work, who reported a strong co-
variance between electric vehicle deployment and critical
environmental indicators [9]. The present analysis ex-
tends this evidence by demonstrating that such relation-
ships are embedded in the global sensitivity structure of
the model, with mobility demand emerging as the primary
demand-side lever affecting both environmental pres-
sures and total system cost.

100%
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10% [S—— .
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Figure 3. Distribution of total Sobol sensitivity indices
associated with final energy demand categories across
all environmental indicators.

Impact of end-use demand reduction

Building on the Sobol-based sensitivity analysis,
mobility demand reduction emerges as the most impact-
ful lever among the considered demand-side mitigation
options. To explore this result further, the environmental
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Figure 4. Each Life Cycle Assessment (LCA) indicator is shown for Belgian energy system configurations satisfying
a constraint of 20 Mt CO,-eq emissions in 2045, consistent with previous work [19], and a total system cost below
130% of the cost-optimal solution. The cost-optimal solution is indicated by the black line, while the 10% and 50%
mobility demand reduction scenarios are shown in dark blue and light blue, respectively. Three planetary boundary
thresholds are displayed to facilitate interpretation: from the center outward, the innermost boundary corresponds
to the egalitarian sharing principle (EG., dotted), the intermediate boundary to the utilitarian sharing principle (UT.,
dashed), and the outermost boundary represents the full planetary boundary (100%).

implications of stepwise mobility demand reductions are
assessed, considering two reduction levels (-10% and
-50%) within the studied energy system. At this stage,
neither the social acceptability nor the economic feasibil-
ity of such reductions is assessed. The analysis exclu-
sively focuses on their effect on absolute environmental
sustainability, with the objective of providing a quantified
and robust benchmark against planetary boundaries that
can later inform socially grounded sufficiency scenarios.

At the first reduction level (-10%), a system config-
uration complying with all planetary boundaries is
achieved under the most permissive sharing principle,
the utilitarian allocation, which is based on gross domes-
tic product, favors the Belgian energy system in a global
context by allowing differentiated environmental space
across countries [9]. When sustainability is instead eval-
uated using a more constraining population-based shar-
ing principle, the egalitarian sharing principle, three plan-
etary boundaries remain exceeded: ecotoxicity, particu-
late matter formation and freshwater eutrophication. As
noted previously, mineral and abiotic depletion indicators
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are excluded from the planetary boundary assessment,
as they reflect constraints on the continuity of human ac-
tivities rather than environmental system thresholds. At
the second reduction level (-50%), two planetary bound-
aries remain exceeded under the population-based shar-
ing principle, with only marginal improvements compared
to the first reduction level.

DISCUSSION

The sensitivity analysis shows that mobility demand
is the main driver of environmental impacts in the energy
system across all planetary boundaries at risk. Its Sobol
indices are consistently higher than those of other end-
use demands and exhibit limited dispersion, indicating a
dominant and systematic influence that is observed
across the different critical environmental pressures con-
sidered. These findings are consistent with previous
studies highlighting individual mobility as a key challenge
of the energy transition, both economically and environ-
mentally. While earlier work emphasized cost dominance
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and correlations with environmental indicators, the pre-
sent analysis shows that mobility demand structurally
drives environmental pressures at the system level, sug-
gesting an alignment between environmental sustainabil-
ity and economic efficiency in mobility-oriented strate-
gies. The demand reduction analysis shows that moder-
ate mobility reductions substantially lower environmental
pressures and enable planetary-boundary compliance
under permissive allocation rules. However, under
stricter population-based principles, several boundaries
remain exceeded, indicating that technological substitu-
tion alone, even with modest sufficiency, is insufficient.
Larger reductions further reduce impacts but show di-
minishing returns for the most constraining boundaries.
Overall, mobility demand reduction emerges as a neces-
sary but not sufficient condition for achieving absolute
sustainability, requiring complementary demand-side
measures in other sectors alongside targeted technolog-
ical and structural interventions.
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