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Abstract

This study proposes and empirically validates a spatiotemporal life cycle assessment (LCA)
framework for hydroelectric power generation applied to the Sinop Hydroelectric Power
Plant in Brazil. Unlike conventional LCA, which assumes spatial and temporal homo-
geneity, the framework incorporates annual temporal discretisation and geographically
differentiated impacts across all phases of assessment. The methodology combines the
Enhanced Structural Path Analysis (ESPA) method with temporal modeling and region-
specific inventory data. The results indicate that environmental impacts peak in the fourth
year of the ‘Construction and Assembly’ stage, primarily due to the intensive production
of concrete and steel. A spatial analysis shows that these impacts extend beyond Brazil,
with notable contributions from international supply chains. By identifying temporal and
geographical hotspots, the framework offers a refined understanding of impact dynamics
and drivers. Uncertainty analysis further demonstrates that temporal discretisation sig-
nificantly affects impact attribution, with the ‘Construction and Assembly’ stage results
varying by up to £15%, depending on scheduling assumptions. Overall, the study ad-
vances the LCA methodology while offering robust empirical evidence to guide sustainable
decision-making in Brazil’s power sector and to inform global debates on low-carbon
energy transitions.

Keywords: life cycle assessment; spatiotemporal LCA; hydroelectric power; sustainability
assessment; environmental impacts; electricity generation; Brazil

1. Introduction

The growing global demand for sustainable energy solutions has intensified scrutiny
of electricity generation systems, particularly those that can simultaneously ensure energy
security and contribute to climate-change mitigation. Within this context, hydroelectric
power plays a central role given its strategic contribution to renewable energy portfolios.
In Brazil, the extensive hydrographic network has positioned the country among the world
leaders in hydroelectric power capacity. By 2023, hydroelectric power plants accounted
for 66% of the installed electricity generation mix, reflecting both the scale of the country’s
natural endowments and the historical priority assigned to development of hydroelectric
power systems in national energy planning [1]. Beyond its importance for supply security,
the Brazilian hydroelectricity power generation offers a distinctive empirical setting for
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analyzing the environmental implications of large-scale renewable infrastructure in tropical
and biodiversity-rich contexts.

Within the broader dynamics of the global energy transition, hydroelectric power facil-
ities remain indispensable for complementing and stabilizing variable renewable sources,
such as wind and solar. The intermittency of these technologies requires flexible backup
and balancing of resources to guarantee grid reliability. With its reservoir storage capacity
and operational flexibility, hydroelectric power continues to play this role, reinforcing its
status as the backbone of the Brazilian electricity system. Simultaneously, this centrality
highlights the need for more comprehensive environmental assessment methodologies
capable of capturing the complex interplay between hydroelectric power infrastructure
and ecological systems.

Conventional LCA approaches, often based on generalized assumptions and aggre-
gated indicators, risk overlooking significant regional differences and long-term dynamics,
which are particularly relevant in the case of large dams and reservoirs in sensitive ecosys-
tems such as the Amazon and Cerrado biomes. These limitations become particularly
pronounced in tropical contexts where reservoir methane emissions exhibit distinct tem-
poral patterns, biodiversity impacts evolve differently than in temperate climates, and
construction material performance varies significantly due to climate conditions.

Life cycle assessment (LCA) has become a widely recognized and standardized frame-
work for evaluating the environmental implications of energy systems. As defined by
the ISO 14040:2006 and 14044:2006 standards, LCA provides a systematic procedure for
identifying, quantifying, and comparing environmental impacts across the full life cycle
of products and services, from resource extraction to final disposal [2,3]. However, con-
ventional LCA approaches often assume spatial and temporal homogeneity, aggregating
impacts into static average values. Such simplifications are useful for comparability but fail
to capture the heterogeneity that shapes the actual environmental footprint of large-scale
projects [4,5]. This limitation becomes particularly evident when applied to hydroelec-
tric power plants, which operate over multidecadal timescales and are embedded within
dynamic ecological, hydrological, and socioeconomic contexts [6-9].

Against this background, this research developed and empirically tested a spatiotem-
poral life cycle assessment framework tailored for hydroelectric power generation systems,
demonstrated through the Sinop Hydroelectric Power Plant case study in Brazil. Moving
beyond traditional LCA approaches that rely on spatial and temporal averaging, the frame-
work employed annual time steps and location-specific impact characterization throughout
the assessment stages. The proposed assessment framework provides decision-makers
with actionable information for designing mitigation measures, improving reservoir man-
agement practices, and supporting long-term energy planning.

The remainder of this paper is organized as follows. Section 2 presents a review
of the literature focusing on spatial, temporal, and spatiotemporal life cycle assessment
methodologies. Section 3 describes the study’s research design and methodology. Section 4
introduces an integrated spatiotemporal life cycle assessment framework developed for
hydroelectric power generation systems. Section 5 presents the empirical findings from the
framework’s application to the 402 MW Sinop plant in Mato Grosso State (Brazil). Section 6
discusses the study’s contributions, limitations, and broader implications, including its
potential applicability beyond Brazil. Finally, Section 7 offers concluding remarks and
recommendations for future research.
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2. Literature Review and Research Gaps

The following literature review explores recent advances in spatiotemporal and dy-
namic life cycle assessment between 2000 and 2024, highlighting key developments and
identifying persisting research gaps (see Appendix A).

2.1. Emergence of Spatiotemporal and Dynamic LCA

Traditionally, LCA applications have relied on the implicit assumption of spatial and
temporal homogeneity, an approach that has facilitated broad comparative analyses across
fossil, nuclear, and renewable electricity systems [7-11]. Within this comparative context,
hydropower has received particular attention not only for its relatively low greenhouse
gas (GHG) emissions but also for the distinctive regional and ecological impacts associated
with dam construction, reservoir formation, and river basin alterations [10,11].

Temporal aspects in Life Cycle Assessment (LCA) have been comprehensively re-
viewed by Lueddeckens et al. [12] and Beloin-Saint-Pierre et al. [13], who argue that
disregarding process timing and environmental dynamics substantially undermines the
reliability of long-term impact predictions.

Several studies have further demonstrated that environmental impacts vary consid-
erably across project phases, with construction and assembly often dominating annual
emissions and resource consumption. For instance, Messagie et al. [14] and Pereira and
Posen [15] incorporated temporal resolution into carbon footprint assessments for elec-
tricity generation, revealing short-term and seasonal variations that conventional static
approaches fail to capture. Similarly, Vuarnoz and Jusselme [16] examined temporal fluc-
tuations in primary energy use and greenhouse gas emissions associated with multiple
electricity sources in the Swiss grid and neighbouring systems, emphasising the importance
of temporal granularity in accurately representing dynamic energy systems.

Spatially explicit LCA frameworks, often leveraging GIS data, enable more accurate
representation of location-dependent impacts, such as those arising from upstream supply
chains, cross-border emissions, or localized ecosystem pressures [17-20]. Potting and
Hauschild reviewed a decade of methodological developments in spatial differentiation for
LCIA, demonstrating how location-specific characterization factors enhance environmental
realism [17]. Mutel and Hellweg developed computational methods for regionalized LCA
applied to inventory databases, enabling systematic spatial disaggregation of processes
and emissions. Their subsequent work addressed the critical question of spatial resolution,
using electricity generation as a case study to determine optimal scale for GIS-based
regionalization [18,19]. Liu et al. further advanced GIS-based regionalization techniques
for LCA applications [20].

Methodological advances in LCA have addressed these issues by integrating temporal
and spatial parameters through spatiotemporal discretisation, enabling the differentiation
of environmental impacts throughout the life cycle of products and systems. This integrated
spatiotemporal framework forms the core focus of this research.

Beloin-Saint-Pierre and Blanc [21] introduced the Enhanced Structural Path Analysis
(ESPA) method to generate spatiotemporally defined life cycle inventories, using temporal
functions to describe process links and elementary flows within ecoinvent database v2.1
definitions. This function-based approach enables process reusability across different
studies while maintaining spatial and temporal specificity.

Building on the importance of temporal resolution, Olkkonen and Syri [22] analyzed
spatial and temporal variations of marginal electricity generation across Finnish, Nordic,
and European systems, examining both short-term dynamics (2009-2010) and long-term
projections through 2030. Their work demonstrated how electricity mix variations affect en-
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vironmental assessments across temporal and geographical scales, particularly highlighting
hydroelectricity’s critical role in system balancing due to its rapid response capabilities.

Extending spatiotemporal considerations to technology-specific modeling, Sacchi
et al. [23] developed a parameterized life cycle inventory model for Danish wind turbines
that accounts for technology evolution, geographic characteristics, and temporal changes.
While focused primarily on wind power, their comparative analysis with other renew-
ables, acknowledged hydropower’s relatively low carbon footprint while emphasizing its
regional variability.

Applying similar spatiotemporal principles to a different geographic context,
Zhu et al. [24] conducted a comprehensive life cycle analysis of greenhouse gas emissions
from China’s power generation sector, evaluating six technologies including hydropower
across spatial and temporal dimensions. Their findings confirm hydropower’s low GHG
intensity relative to fossil-based sources, while revealing substantial variations according
to regional grid configurations and local environmental conditions.

Integrating temporal and spatial dimensions into LCA modelling for electricity gener-
ation systems poses challenges that are particularly acute in emerging economies, where
limited data availability and complex multi-regional supply chains compound the barriers
to adopting advanced spatiotemporal approaches. Addressing these methodological gaps
in a data-constrained context, this study presents the first integrated spatiotemporal LCA
framework specifically developed for hydroelectric power generation in Brazil.

2.2. LCA of Hydroelectric Power Generation Systems

The literature on LCA of hydroelectric power generation systems has evolved signifi-
cantly over the last two decades [7-11]. Early LCA studies of hydroelectricity generally
adopted static, spatially undifferentiated models, focusing mainly on aggregate greenhouse
gas (GHG) emissions and natural resource use or assessing the cumulative environmental
impact of hydroelectricity power plants’ construction on river systems based on an energy
network model [25-33].

A central turning point in the literature was the recognition of reservoir emissions
as a non-negligible contributor to hydroelectric power systems’ lifecycle carbon footprint.
Investigations in tropical regions, including Brazil, revealed that methane emissions from
reservoirs can substantially increase lifecycle GHG intensities, sometimes approaching
values closer to those of natural gas plants [28-33].

This recognition catalyzed a wave of studies that sought to refine emission fac-
tors, incorporate site-specific data, and adjust system boundaries. Nonetheless, de-
spite these improvements, most studies continued to average emissions over decades
of operation, thereby obscuring the temporal variability inherent in hydroelectric power
generation systems.

To provide context for hydroelectric reservoir emissions, global averages for reservoir
GHG emissions range from 6 to 147 g CO,-eq/kWh, with tropical regions, including Brazil,
typically exhibiting higher values (20-200 g CO;-eq/kWh) due to accelerated decom-
position of organic matter in warmer climates. Reservoir area-based emission factors
vary from 0.5 to 15 g CO,-eq/m?/year globally, with Brazilian reservoirs averaging
3-8 g COy-eq/m?/year depending on regional climate conditions and organic matter
content [16,32].

Over time, emission profiles shift, reflecting ecological succession, sedimentation,
and operational changes. Static models, which spread emissions evenly over decades,
fail to capture these dynamics, potentially underestimating near-term climate forcing and
misguiding policy interventions. Recent efforts to incorporate temporal resolution into
hydroelectric power LCA demonstrate the added value of such approaches [6,9,10,27,34,35].
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Kumar et al. [6] employed long-range predictive risk modeling to capture uncertainties
across different temporal horizons in Chinese hydropower reservoirs, highlighting the
relevance of time-sensitive analyses for system dynamics. Building on similar concerns,
Levasseur et al. [9] addressed the limitations of static LCA models, demonstrating that most
biogenic GHG emissions occur within the first 1015 years after reservoir creation, while
conventional 100-year averaging obscures short-term climate effects. Kumar et al. [10]
reinforced that such refinements are essential, but not optional, for accurate climate impact
evaluation of hydropower systems. From this perspective, Teffera et al. [27] analyzed eleven
Ethiopian hydropower systems—representing 96% of national grid supply—to estimate
time-dependent environmental impacts, whereas Xia et al. [34] integrated a phase-based
temporal LCA to assess construction, operation, and decommissioning externalities in
large hydropower projects. Complementarily, Cusenza et al. [35] applied temporal LCA to
Sicily’s projected electricity mix, including hydropower, linking temporal differentiation
to policy-relevant climate targets. Collectively, these studies demonstrate temporal LCA’s
potential for more realistic and actionable hydropower sustainability assessments, though
its adoption remains limited.

Spatial differentiation presents another frontier in methodological advancement. Hy-
droelectric power’s environmental consequences vary dramatically across regions due to
differences in geography, hydrology, and ecology [36-40].

According to Schomberg et al. [36], run-of-river projects typically entail fewer land-use
changes than storage dams, yet even within the same typology, outcomes depend on local
characteristics such as soil carbon content, water temperature, and seasonal variability.

Building on this recognition of spatial heterogeneity, Cho and Qi [37] developed a
spatial analysis framework to determine environmental consequence patterns of dams at
the watershed scale, identifying location-specific ecological impacts and their geographic
distribution across affected river basins and surrounding landscapes. Complementing this
watershed-scale approach, Mahmud et al. [38] conducted a strategic impact assessment
comparing hydropower plants in Alpine versus non-Alpine European regions, revealing
distinct environmental profiles based on geographic location, topography, and regional
ecological characteristics across different European landscapes.

Beyond European contexts, efforts by Veran-Leigh and Vazquez-Rowe [39] in the
Peruvian Andes further exemplify the importance of spatially explicit LCA studies, as
they revealed policy-relevant differences in impacts depending on plant location and
design. In a similar vein, Lazo-Véasquez et al. [40] underscored the need to consider site-
specific conditions when assessing Ecuadorian hydroelectric power plants. Nevertheless,
despite these pioneering contributions, such examples remain rare, and Latin America
continues to be underrepresented in the global literature. In addition to temporal and
spatial considerations, system boundary definition remains inconsistent across studies.
Some adopt comprehensive boundaries but employ divergent assumptions regarding
functional units, allocation procedures, and impact categories [5]. This methodological
heterogeneity complicates cross-study comparisons and undermines the development of
standardized assessment protocols.

Complementing the methodological refinements discussed thus far, another strand of
literature has sought to integrate LCA with complementary decision-support tools, includ-
ing economic modeling, risk assessment, and energy systems analysis.
Mahmud et al. [38], for instance, applied strategic impact assessment frameworks to
European hydroelectricity systems, while Pehl et al. [41] coupled LCA with integrated
energy modeling to evaluate future emissions trajectories across low-carbon power systems.
Addressing a critical gap in holistic environmental assessment, Briones-Hidrovo et al. [42]
developed a novel methodological approach combining LCA with ecosystem services
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valuation to quantify the net environmental performance of hydropower, revealing hidden
ecological costs through an ecosystem services balance applied to Ecuadorian facilities.
Collectively, these integrative studies demonstrate the analytical value of coupling envi-
ronmental metrics with broader decision-making frameworks, thereby providing more
comprehensive strategic information to inform energy planning and policy design.

2.3. Research Gaps and Study Justification

Despite significant methodological advances in applying LCA to hydroelectric power
generation systems, practical applications remain scarce in regions with complex hydroelec-
tric infrastructures. Particularly in Brazil, previous published studies are either regionally
limited or rely on static models that assume spatial and temporal homogeneity, thereby fail-
ing to incorporate advanced spatiotemporal parameters and to capture the full complexity
of environmental impacts [30-35].

As a result, assessments often overlook the dynamic evolution of impacts across the
LCA stages, particularly the annual or seasonal peaks associated with material production
and site activities. Benchmarking studies in international contexts further reinforce this limi-
tation, showing that hydroelectric power generation systems exhibit diverse environmental
profiles highly sensitive to location, time, and supply chain structure [43—46].

These findings underscore the need for more contextualized frameworks capable of
reflecting the geographical and temporal specificities of large-scale hydroelectric projects.
Moreover, while several reviews and case studies have begun to explore methods for intro-
ducing geographic specificity and temporal resolution into LCA, their application to real-
world hydroelectric power systems remains limited, particularly in emerging economies
such as Brazil, where supply chains are highly complex and regional ecosystem sensitivities
are pronounced. Phase-based externality analyses further reveal that material sourcing,
such as concrete and steel, often generates indirect impacts beyond national borders, with
significant contributions from countries like China due to petroleum coke production
required in cement manufacturing [24,47].

Other contributions integrate ecological efficiency and GHG mitigation assessments
into regional and plant-level LCA models [48,49]. These studies confirm the importance of
spatially referenced ecosystem impact evaluation, identifying specific biodiversity, water,
and land-use impacts in sensitive river basins.

Nevertheless, the transition from methodological experimentation to systematic, data-
driven validation remains underdeveloped, revealing a persistent disconnect between
conceptual advances and their operational application within real hydroelectric contexts.
The gap between theoretical advances in dynamic modelling and their validation using
project-specific data limits the practical applicability of LCA results for decision-makers.
Moreover, most studies offer only limited assessments of ecosystem impacts at spatially
explicit scales, a shortcoming that is particularly critical for Brazil’s ecologically sensitive
hydrographic basins.

Consequently, there is an urgent need for comprehensive and empirically validated
spatiotemporal LCA frameworks tailored to hydroelectric power generation systems in
diverse contexts. Such models should integrate annual temporal resolution, supply chain
spatial differentiation, and geographically resolved ecosystem indicators. By addressing
these gaps, future research can offer practical recommendations for the design, operation,
and policy regulation of hydroelectric projects, thereby supporting both national energy
sustainability and the mitigation of broader environmental impacts.
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3. Research Design and Methodology

Based on the procedural model outlined by Correia et al. [50], this study was structured
into three phases and six stages, as summarized in Table 1. The research design addresses
specific research questions at each stage, providing a coherent framework for developing,
applying, and validating the proposed spatiotemporal LCA framework.

Table 1. Research design.

Phase Stage Research Questions [Sections]
Motivation . . Why is it essential to develop a spatiotemporal LCA framework for
(Why?) 1. Problem definition and the rationale for the research hydroelectric power generation systems? [Sections 1 and 2].
Which research gaps and methodological challenges persist in life
2. State- of- research on the research central issues and cycle assessment (LCA) frameworks, with particular emphasis on
identification of research gaps and unsolved problems the integration of spatial and temporal dimensions for hydroelectric
Conceptualization and power generation systems? [Section 2].
development How can a spatiotemporal LCA framework be conceptualized and
(What and how?) 3. Definition of the research design and methodology implemented to address the methodological challenges and research
gaps identified in Section 2? [Section 3].
4. Development of a spatiotemporal life cycle assessment What are the critical steps for constructing a novel LCA framework
(LCA) model for hydroelectric power plants. that integrates spatial and temporal dimensions? [Section 4].
. RPN How can the proposed model be validated using the Sinop
> Demp nstratlgr} of'the apphcablhty.of the proposed hydroelectric power plant as a case study? [Section 5].
model using Brazil’s Sinop hydroelectric power plant as a What findi be derived f ine th d
o case study: What findings can be derived from comparing the proposed
Validation spatiotemporal LCA results with conventional methods? [Section 5]
(How to demonstrate the
applicability of the proposed What are the key contributions of the spatiotemporal LCA
model?) framework to improving environmental assessments of
6. Discussion of the research results and policy implications hydroelectric power generation systems? [Section 6].

How can the findings inform policy and planning for more
sustainable hydroelectricity development? [Section 6].

The methodology integrates the Enhanced Structural Path Analysis (ESPA) method,
developed by Beloin-Saint Pierre and Blanc [21], with temporal discretization and region-
specific inventory data. Annual temporal resolution and geographically explicit characteri-
zation factors enable the capture of impact dynamics that remain invisible in conventional
assessments. The approach demonstrates the practical viability of advanced spatiotem-
poral modeling for real-world infrastructure projects while addressing data quality and
uncertainty considerations.

Primary data were obtained from the Sinop HPP’s Environmental Impact Assess-
ment and Technical Reports [51,52], as well as from experts at PSR Energy Consult-
ing and Solutions [53], while secondary data were drawn primarily from the ecoinvent
database v3.10 [54]. The analysis was carried out using openLCA v1.9 for life cycle inven-
tory modeling [55] and the ReCiPe 2016 method for impact assessment, encompassing
18 midpoint impact categories and three endpoint damage categories [56].

4. Integrated Spatiotemporal Life Cycle Assessment Framework

The proposed spatiotemporal life cycle assessment framework integrates both spatial
and temporal dimensions to evaluate the environmental impacts of hydroelectric power
generation systems throughout their lifecycles. This section presents the methodological
framework and its key components.

4.1. Framework Architecture

The spatiotemporal LCA framework builds upon the Enhanced Structural Path Analy-
sis (ESPA) method [21], incorporating three fundamental modifications to traditional LCA
calculations. First, it employs temporal distributions to describe matrix and vector elements
rather than single numerical values. Second, it utilizes convolution products for temporal
dimensions instead of simple matrix multiplication. Third, it implements matrix linearization
based on the series 1 + T + T2 + T° + ... rather than matrix inversion (1 — T)~1.
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To operationalize this architecture, the framework is structured into three interrelated
components: (i) temporal characterization, (ii) spatial characterization, and (iii) spatiotem-
poral integration methodology for life cycle inventory (LCI).

4.1.1. Temporal Characterization

The temporal characterization adopts a relative approach where all processes and
elementary flows are described through temporal distributions with compact support. The
reference time is arbitrarily set to the moment when each process delivers its product, with
time steps representing the precision of temporal characterization.

For hydroelectric power generation systems, the temporal characterization should
adopt annual discretization with three distinct life cycle stages:

(i) ’Construction and Assembly’ (Years 1-5): Intensive material and energy flows with
peak environmental impacts from large-scale civil works;

(ii) ‘Operation and Maintenance’ (Years 6-65): Lower-intensity but continuous environ-
mental interactions with periodic maintenance patterns;

(iii) ‘Repowering’ or ‘Decommissioning’ (Years 66-70): This stage may involve either
repowering, characterized by large-scale equipment replacement and structural rein-
forcements with intensive material and energy use, or alternatively decommissioning,
involving the dismantling of civil and electromechanical structures, waste generation,
and potential recycling alongside significant ecological disturbances.

4.1.2. Spatial Characterization

The spatial characterization defines each elementary flow through compartment speci-
fication, sub-compartment designation, and regional attribution.

In the case of hydroelectric power generation systems, this approach enables impact
tracking across multiple scales: (i) local (reservoir area and immediate surroundings),
(ii) regional (river basin and supply chain networks), (iii) global (climate change and
international material flows), and (iv) Rest-of-World (RoW) scale, a standard convention in
life cycle assessment and implemented in the ecoinvent database v3.10 [54].

4.1.3. Spatiotemporal Integration Methodology for Life Cycle Inventory (LCI)

The model integrates spatial and temporal dimensions through a matrix-based calculation
approach. The environmental matrix E describes elementary flows, while the technology
matrix T represents inter-process relationships. The calculation follows Equation (1):

g=E(I-T)'f (1)

where g represents the life cycle inventory (LCI), E is the environmental matrix, T is the
technology matrix, and f is the final demand vector.

4.2. Impact Assessment Methodology

The impact assessment phase of the LCA model requires several key considerations
for spatiotemporal characterization. The environmental impacts calculation must account
for both spatial and temporal variations in how the environment responds to different
elementary flows.

The translation of LCI results into environmental impacts follows a structured approach
using characterization factors (FC). These factors establish the relationship between elementary
flows and their potential environmental effects. The calculation uses Equation (2).

Impact =y (FCi-mi) 2
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where mi represents the mass of substance and FCi represents its corresponding characteri-
zation factor.

The ReCiPe 2016 method (hierarchical perspective) for life cycle impact assessment
(LCIA) is recommended because it considers 18 midpoint impact categories and three end-
point damage categories (human health, ecosystems, and resources) [56]. Impact categories
should be analyzed at both midpoint and endpoint levels, with particular attention paid
to global warming potential, land use, water consumption, resource depletion, ecosystem
quality, and human health impacts.

4.3. Practical Implementation and Uncertainty Considerations

The practical implementation of the spatiotemporal framework follows ISO 14040:2006
and 14044:2006 standards [2,3] with enhanced uncertainty analysis. According to these
standards, a LCA study encompasses four phases: (i) goal and scope definition, (ii) life cycle
inventory (LCI), (iii) life cycle impact assessment (LCIA), and (iv) life cycle interpretation
and uncertainty analysis.

In the first phase, the purpose of the LCA study, the functional unit, and system bound-
aries are defined. Additionally, temporal distribution data for all flows are gathered, spatial
characteristics of elementary processes are mapped, and cut-off criteria are established.

The second phase, LCI, involves collecting and quantifying data on all inputs (ma-
terials, energy, and natural resources) and outputs (emissions, waste, and co-products)
associated with the product or system under study. This phase also applies convolu-
tion products for temporal calculations and integrates spatial parameters into inventory
matrices, while verifying data quality and completeness.

In the third phase, LCIA, inventory data are translated into potential environmental
impacts within an integrated framework that supports a more comprehensive understand-
ing of how impacts evolve across space and time throughout the lifecycle of hydroelectric
power generation systems.

Finally, the life cycle interpretation represents the phase in which the findings from
the LCI and LCIA are considered together. This interpretation should reflect the fact that
LCA results are based on a relative approach, indicating potential environmental effects
rather than predicting actual impacts on category endpoints, exceedance of thresholds,
safety margins, or risks.

In this phase, key uncertainty analysis should cover the following sources: (i) temporal
allocation assumptions (e.g., £15% variation in ‘Construction and Assembly’ impacts);
(ii) spatial boundary definitions for supply chains; (iii) regional characterization factor
applicability; and (iv) data quality variations between primary and secondary sources. This
enables decision-makers to access more robust information for sustainable infrastructure
planning and operations.

The findings from LCA interpretation may take the form of conclusions and recom-
mendations to decision-makers, aligned with the study’s defined goal and scope.

5. Application to the Sinop Hydroelectric Power Plant

The Sinop Hydroelectric Power Plant, located in the Teles Pires River basin in Mato Grosso
State, provides an exemplary case for spatiotemporal LCA validation. With 402 MW installed
capacity and 1900 GWh average annual generation, the plant serves approximately 1.5 million
people. Construction began in 2014, with commercial operation starting in late 2018.

Key technical specifications of the Sinop HPP include: hydraulic head of 27.6 to
28 m, dam height of 32 m, reservoir area of 337 km?, and storage volume of 3000 million
m?3. These parameters result in a power density of 1.19 MW /km? and a specific storage
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capacity of 7.46 Mm?3/MW), indicating relatively high environmental intensity compared to
other Brazilian hydroelectric facilities [51,52].

5.1. LCA Goal and Scope Definition

The goal of this LCA is to demonstrate the applicability of the spatiotemporal frame-
work while providing a comparative analysis against conventional methods. The functional
unit of 1 kWh of electricity generated enables standardized comparison.

The scope adopts a cradle-to-gate perspective, with system boundaries encompassing
two main life cycle stages: (i) ‘Construction and Assembly’, concentrated in the first five
years (Years 1-5), and (ii) ‘Operation and Maintenance’, spanning a 60-year period (Years
6-65). The final stage described in Section 4.1.1 was excluded to reflect current Brazilian
practice, in which large hydroelectric power plants are typically repowered and no cases
of full decommissioning have been recorded [57]. This constitutes a limitation for both
international transferability and overall LCA completeness.

Spatial and temporal boundaries were defined consistently with the system boundaries

(stages and elementary processes) presented in Table 2.

Table 2. Spatial and temporal boundaries of the Sinop Hydroelectric Power Plant [54].

Spatial and Temporal Boundaries

Stage Elementary Process Inputs
Local Period
Deforestation and land Machinery RoW
preparation Years 1-2
Deforested area (non-flooded) BR
Earth excavation GLO
Rock excavation (explosives) GLO
Concrete BR
Construction and Assembly ~ Dam and dike construction Years 2-4
Rock BR
Soil BR
Structural steel (reinforcement) GLO
Installation pf gates / grids Steel CLO Years 4-5
and mechanical equipment
Earth excavation GLO Years 2—4
Rock excavation (explosives) GLO
Spillway construction
Concrete BR
Structural steel (reinforcement) GLO
Container ROW Year 1
Construction of the
worksite/camp Concrete BR
Structural steel (reinforcement) GLO
Construction and Assembly
Earth excavation GLO Years 1-4
Rock excavation (explosives) GLO
Water intake
circuit/penstock Concrete BR
Structural steel (reinforcement) GLO
Metallic lining GLO
Earth excavation GLO Years 2—4
Rock excavation (explosives) GLO
Powerhouse construction
Concrete BR
Steel GLO
Installathn of electrical Copper GLO Years 4-5
equipment
Installation of turbines Steel GLO Years 2-5
. Steel GLO
Installation of generators
Copper GLO
Access road construction Road ROW Years 4-5

Reservoir creation

Flooded area

BR -South-eastern/Mid-western Years 3-5
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Table 2. Cont.
Stage Elementary Process Inputs Spatial and Temporal Boundaries
Local Period
Monitoring and control Electronic components GLO Years 1-5
system
Employee transportation Bus transport BR -South-eastern/Mid-western Years 1-5
Materials and equipment Truck transport BR -South-eastern/Mid-western Years 1-5
transportation
Construction and Assembly Electricity consumption Electricity BR -South-eastern/Mid-western
Earth excavation GLO
Rock excavation (explosives) GLO
. . . . Years 1-5
River diversion construction Concrete BR
Rock (gravel) BR
Soil BR
Monitoring and control Electricity BR -South-eastern/Mid-western Years 6-65
Lubricating oil ROW
Operation and Maintenance . .
Equipment maintenance Copper GLO Years 6-65
Steel GLO

Notation: GLO—global data extracted from the ecoinvent v3.10 database; RoW (Rest of World) represents data
extracted from the ecoinvent v3.10 for all regions of the world except those that have specific datasets in this
database; BR—data referring to Brazil, extracted from the ecoinvent v3.10 database; BR-South-eastern/Mid-
western—data referring to the Southeastern and Midwestern regions of Brazil, extracted from the ecoinvent v3.10
database. Note 1: To determine the temporal boundaries of the life cycle of a reservoir-based hydroelectric power
plant, year 1 was considered as the starting point of the ‘Construction and Assembly” stage. Note 2: Reproduced
with permission from Ecoinvent Association. Ecoinvent Database v3.10. Ziirich: Ecoinvent Association, 2023.

5.2. Life Cycle Inventory (LCI)

For the life cycle inventory (LCI) analysis of the Sinop HPP, technical documents such
as the Feasibility Study [51] and the Environmental Impact Report (RIMA) of the plant [52]
were reviewed. In cases where specific data were unavailable, secondary sources from
the literature were used—for example, the LCA study of Ribeiro and Silva [31] on the
Itaipu Hydroelectric Power Plant in Brazil. The incorporation of temporal parameters was
enabled through the analysis of project schedules outlined during the planning phase of
the Sinop plant [51], conducted with the support of hydroelectricity specialists from PSR
Energy Consulting and Solutions [53].

Table 3 presents the numerical results of the Life Cycle Inventory (LCI) of the Sinop
HPP, generated using openLCA 2.0 software [55]. The data cover the two life cycle stages,
as well as the total emissions and waste produced throughout the plant’s entire life cycle.
The total electricity generation assumed for the plant over its 60-year operational lifetime
is 114 TWh (1900 GWh/year x 60 years), which forms the basis for the functional unit
normalization. This approach also takes into account the distinctive characteristics of the
reservoir and its interactions with the local ecosystem.

Regarding methane emissions, the low CHy value (1.18 x 10~? kg per kWh) reflects the
‘Construction and Assembly” phase only, as reservoir methane emissions are incorporated
through the ecoinvent database’s hydropower processes during the operation phase.
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Table 3. Life Cycle Inventory (LCI) of the Sinop Hydroelectric Power Plant.

Stages
Category Subcategory Elementary Flow Unity Construction and Operation and Total
Assembly Maintenance
INPUT
Carbon steel kg 32 x107*M 1.45 x 107° 327 x 107*
. . Stainless steel kg 0 0 0
Metallic materials
Copper kg 5.23 x 107° 2.14 x 1077 5.44 x 107°
Aluminum kg 2.17 x 1075 8.92 x 1077 226 x 1075
Non-renewable Concrete m3 1.20 x 1072@ 0 1.20 x 1072
material resources Non-metallic -3 -3
materials Cement kg 1.85 x 10 0 1.85 x 10
Aggregates kg 1.04 x 1072 0 1.04 x 1072
Diesel L 258 x 10740 1.12 x 1072 2.69 x 1074
Fossil fuels Gasoline L 0 0 0
Lubricant oil L 0 3.25x 107 3.25 x 107
Process water m’ 8.45x 107* 3.67 x1074© 121 x 1073
Water
Construction water m3 512 x 1073 0 512 x 1073
Natural resources
Flooded area m? 1.00 x 106 @ 0 1.00 x 10*®
Land use
Suppressed m? 7.07 x 1074 324 x 1078 7.07 x 1074
vegetation area
Energetic resources Electricity Auxiliary energy kWh 1.80 x 10726 4.96 x 1077 1.80 x 1072
OUTPUT
CO, kg 1.07 x 1072 6.96 x 1077 1.07 x 1072
Greenhouse gases CH,4 kg 1.18 x 10~° 0 1.18 x 10~°
Atmospheric N20 kg 237 x 1077 0 237 x 1077
emissions NOx kg 0 0 0
SOx kg 0 0 0
Other pollutants
Particulate matter kg 0 0 0
vOC kg 0 0 0
Copper kg 1.08 x 10°° 2.40 x 10710 1.08 x 107°
Heavy metals Zinc kg 0 0 0
Nickel kg 0 0 0
Water emissions
Oils and greases kg 1.36 x 10~* 3.66 x 1077 1.36 x 10~*
Suspended solids kg 0 0 0
Other pollutants
Turbidity NTU 0 0 0
BOD/COD kg O, 1.14 x 1075 2.85x 1079 1.14 x 1075

Notes: All values are normalized to 1 kWh of electricity generated over the entire life cycle (65 years) of the Sinop
HPP. M Carbon steel (3.26 x 10~* kg): Based on iron consumption identified in the “Construction and assembly”
phase. @ Concrete (1.02 x 1072 m°): Mainly calcite used for concrete production. © Diesel (2.59 x 10~* L):
Actually natural gas (m?) used during construction, not diesel. ) Flooded area: Based on data on land occupation
and conversion of agricultural land use. ® Auxiliary energy (1.80 x 10~2 MJ): Total of multiple energy sources.

5.3. Life Cycle Impact Assessment (LCIA)

Table 4 presents the life cycle impact assessment (LCIA) results for the midpoint impact
categories, calculated using the ReCiPe 2016 method [56] and expressed per functional
unit of 1 kWh of electricity generated by the Sinop HPP. Subsequently, Table 5 reports the
corresponding results at the endpoint level.
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Table 4. Midpoint environmental impacts of the Sinop Hydroelectric Power Plant.
Impact Category (Midpoints) Construction and Assembly  Operation and Maintenance Total

Climate change (kg CO,-Eq) 8.19 x 1073 8.559 x 1077 8.19 x 1073

Terrestrial acidification (kg SO,-Eq) 1.19 x 107° 1.743 x 107 1.19 x 107°

Freshwater ecotoxicity (kg 1,4-DCB-Eq) 323 x 1074 8.159 x 108 323 x10°*

Marine ecotoxicity (kg 1,4-DCB-Eq) 6.93 x 1074 1.076 x 1077 6.93 x 10*

Terrestrial ecotoxicity (kg 1,4-DCB-Eq) 297 x 1071 2.289 x 10~° 297 x 1071

Energy resources: non-renewable, fossil (kg oil-Eq) 6.45 x 107* 5.047 x 107 6.46 x 10~*

Freshwater eutrophication (kg P-Eq) 9.01 x 107 2.74 x 10710 9.01 x 1077

Marine eutrophication (kg N-Eq) 9.09 x 1078 0 9.09 x 1078

Human toxicity: carcinogenic (kg 1,4-DCB-Eq) 1.08 x 1073 3423 x 1077 1.08 x 1073

Human toxicity: non-carcinogenic (kg 1,4-DCB-Eq) 5.97 x 1073 1.63 x 107¢ 5.97 x 1073

Ionizing radiation (kBq Co-60-Eq) 2.86 x 10°° 4,09 x 10710 2.86 x 1075

Land use (m?-a crop-Eq) 5.50 x 1073 1.72 x 1078 5.50 x 1073

Material resources: metals/minerals (kg Cu-Eq) 6.74 x 107° 1.68 x 1078 6.74 x 1073

Ozone layer depletion (kg CFC-11-Eq) 3.57 x 1077 0 3.57 x 1077

Particulate matter formation (kg PM2.5-Eq) 1.39 x 1073 1.01 x 107° 1.39 x 1073

Photochemical oxidant formation: human health (kg NOx-Eq) 1.40 x 1073 3.06 x 1077 1.40 x 1073

Photochemical oxidant formation: terrestrial ecosystems (kg NOx-Eq) 1.55 x 107° 4.05 x 1077 1.55 x 1073

Water use (m?) 371 x 1075 7.46 x 1070 3.71 x 1075

Table 5. Endpoint environmental impacts of the Sinop Hydroelectric Power Plant.
Impact Category (Endpoints) Unit Construction and Assembly Operation and Maintenance Total

Human health DALYs (Disability-Adjusted Life Years) 8.10 x 1071 3.82x 1071° 8.10 x 101
Ecosystem quality Species-yr 214 x 1078 2.96 x 10712 214 x 1078
Resource scarcity USD 2013 1.85 x 1074 1.95x 1077 1.85 x 1074

As presented in Table 4, the ‘Construction and Assembly’ stage was the dominant
contributor to midpoint-level impacts across all assessed categories. The most significant
impact was observed in terrestrial ecotoxicity, primarily due to disturbances to terrestrial
ecosystems during construction activities. Land use also showed a notable contribution,
associated with the permanent transformation of the landscape and accounting for factors
such as the occupied area, duration of land use, and soil quality in comparison to a reference
agricultural soil.

The application of the framework to the Sinop HPP provides a detailed perspective
on the environmental dynamics of large-scale hydroelectric power projects in Brazil. By
adopting an annualized approach, the study enhances the granularity of environmental
accounting compared to conventional static LCA, revealing temporal patterns often over-
looked. The life cycle inventory and midpoint impact data indicate that environmental
burdens are heavily concentrated in the early construction and assembly stage, particularly
during years 2 to 4, when intensive use of materials such as concrete and steel occurs.
This temporal peak manifests not only in greenhouse gas emissions but also in impact
categories including terrestrial ecotoxicity, land use, and resource depletion, highlighting
the central role of construction logistics and supply chain management in shaping overall
environmental performance.

Spatially, the study demonstrates that environmental impacts extend far beyond the
immediate locale of the Sinop plant. By incorporating regional and international supply
chains into the LCA model, the results indicate significant non-local contributors, especially
related to material production and transport. For instance, the procurement of steel, cement,
and petroleum coke links the construction phase to global emission hotspots, revealing
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the transboundary character of resource flows and the need for international cooperation
in mitigating upstream impacts. Meanwhile, local environmental effects, notably land
occupation and biodiversity alteration, are centered within the Teles Pires River basin,
where permanent land conversion and reservoir formation result in lasting ecological
impacts. The spatial allocation within the inventory enables a more targeted identification
of these hotspots, guiding potential site-specific interventions.

Operational and maintenance impacts, although lower in magnitude, persist over the
full sixty-year typical lifecycle, manifesting as continuous yet diffuse emissions and resource
consumption. The annualized structure captures recurrent environmental interactions such
as periodic maintenance, monitoring, and auxiliary energy use, highlighting the non-
negligible long-term footprint of hydroelectric power operations.

Furthermore, the allocation of environmental flows per kilowatt-hour (kWh) generated
provides a standardized basis for cross-technology comparison, essential for benchmarking
and policy formulation in Brazil’s electricity sector.

By integrating both spatial and temporal dimensions, the model identifies critical
periods and locations where environmental impacts are most pronounced. This allows
for prioritization of mitigation efforts—for example, focusing on sustainable sourcing
during construction and enhancing reservoir and ecosystem management during operation.
Moreover, the use of advanced characterization methods such as ReCiPe 2016 enables
robust impact assessment across multiple midpoint and endpoint categories, providing a
comprehensive perspective on ecosystem quality, human health, and resource scarcity.

Overall, the application of the model to the Sinop HPP advances the empirical evidence
for spatiotemporal LCA in tropical contexts. These findings serve as a foundation for future
research aiming to generalize the framework to other reservoir-based plants or energy
technologies, both within and beyond Brazil. Most importantly, the results confirm the
methodological value of integrating spatiotemporal parameters: enabling more precise
hotspot mapping, informing policy interventions, and supporting the transition toward
truly sustainable hydroelectricity.

5.4. LCA Interpretation and Uncertainty Analysis

For the LCA interpretation, the ISO 14040:2006 and 14044:2006 standards [2,3] recom-
mend starting with a detailed examination of the life cycle inventory (LCI). Accordingly,
elementary flows from the ecoinvent v3.10 database [54] were selected based on their geo-
graphic alignment with the location of the Sinop HPP in Brazil, ensuring regional specificity.
The interpretation then critically assesses the findings from both inventory and impact
assessments, contextualizing the Sinop HPP’s performance within broader sustainability
considerations. This approach captures the geographical complexity of Brazil’s energy
sector, particularly the localized effects of reservoir formation and land conversion.

Interpretation of the life cycle inventory highlights several key patterns. First, the
concentration of impacts during the construction and assembly phase drives the aggregate
environmental footprint. Carbon steel and concrete use, land occupation, and associated
greenhouse gas emissions all peak during years 2 to 4, fundamentally shaping the envi-
ronmental profile of the plant over its operational lifetime. This reinforces the necessity
of targeting mitigation measures toward these early project stages—implementing best
practices in material selection, resource efficiency, and construction management.

Second, the spatial differentiation of impacts allows responsibility to be allocated not
only within the immediate river basin but also across extended supply chains. By tracing
inputs such as steel and cement to their domestic and international origins, the analysis
highlights the global dimension of hydroelectric power’s environmental burdens. This
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understanding is pivotal for shaping sustainable procurement policies and can guide shifts
toward locally sourced or recycled materials to mitigate upstream impacts.

Operational impacts, though less pronounced, accumulate incrementally across
decades of plant functioning. These interactions pertain primarily to auxiliary electricity
use, maintenance materials, and emissions from ongoing reservoir management. The
model’s temporal resolution thereby clarifies the persistent, if modest, environmental cost
of long-term electricity production, informing operational optimization strategies that
prioritize efficiency and ecosystem integrity. Additionally, the exclusion of the decommis-
sioning phase, while consistent with Brazilian repowering practice [57], introduces an area
for future methodological refinement, as long-term infrastructure renewal may alter the
ultimate lifecycle footprint.

Integration of both spatial and temporal dimensions provides decision-makers with a
multi-layered perspective. Geographically explicit results help localize impacts for focused
mitigation, such as targeted reforestation or biodiversity protection in the Teles Pires basin,
while temporal mapping enables resource allocation during peak periods, especially early
construction. The capacity to resolve impacts to the midpoint and endpoint categories (e.g.,
DALYs for human health, species loss for ecosystem quality) additionally supports broad
societal and ecological decision-making.

The interpretive process thus translates complex life cycle data into actionable recom-
mendations. For stakeholders in Brazil’s hydroelectricity sector, this means prioritizing sus-
tainable sourcing in the ‘Construction and Assembly’ stage, maintaining rigorous long-term
reservoir oversight, and fostering stronger integration between local project management
and global supply networks. Ultimately, the interpretation phase bridges empirical impact
data and practical sustainability goals, elevating the role of life cycle assessment as an
indispensable decision-support tool for future hydroelectric power planning and operation.

For the uncertainty analysis, a total of 1000 Monte Carlo iterations were selected as a
balance between statistical robustness and computational feasibility, in line with common
practice in LCA uncertainty analyses [58,59]. Monte Carlo simulations were conducted by
varying key parameters of the model. The results show that changes in the construction
timeline led to a ==15% variation in the total carbon footprint, while adjustments to spatial
boundary definitions produced a £20% difference in the attribution of supply chain im-
pacts. Temporal discretization choices resulted in a £12% variation in the identification
of peak impacts, and modifications in regional characterization factors yielded a £18%
variation in local ecosystem impacts. Although these ranges are substantial, they remain
within acceptable bounds for LCA applications and represent a marked improvement over
conventional approaches, where uncertainty propagation is often overlooked.

6. Discussion

The methodological advances realized in this study mark a significant progression
for LCA applied to hydroelectric power generation systems in Brazil. The simultaneous
integration of spatial and temporal parameters enables a more realistic representation
of environmental impacts in context-specific conditions, addressing critical limitations
acknowledged in both national and international literature.

The Enhanced Structural Path Analysis (ESPA) method [21] was implemented
within openLCA [55], demonstrating operational feasibility of advanced spatiotemporal
LCA in real infrastructure settings. While implementation demands substantial data—
particularly process-level scheduling and component origin—collaboration between project
operators, technical consultants, and LCA practitioners provides a viable pathway for
empirical validation.
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6.1. Added Value of Spatiotemporal Approaches over Conventional LCA

A direct comparison between conventional and spatiotemporal approaches highlights
the added value of integrating temporal and geographical dimensions into LCA. In terms
of temporal resolution, conventional assessments obscure nearly 90% of the variability
in impacts across the ‘Construction and Assembly’ stage, whereas the spatiotemporal
framework makes these fluctuations explicit.

With respect to spatial attribution, the results indicate that around 60% of construction-
related impacts originate from international supply chains—an aspect that is largely invisi-
ble in conventional analyses. Moreover, the enhanced framework proves far more effective
in hotspot identification, uncovering 12 specific opportunities for intervention compared to
only three detected by the conventional approach.

6.2. Comparative Analysis with International References

When contextualizing the Sinop HPP within broader hydropower development pat-
terns, several dimensionless indicators provide valuable information. The plant’s ca-
pacity factor of 0.54 (1900 GWh + (402 MW x 8760 h)) indicates efficient utilization of
installed capacity. The area-specific power density of 2.39 MW /km? falls within the typical
range for Brazilian reservoir-based plants (1-5 MW /km?), while the storage intensity of
2.36 m®/MWh demonstrates moderate water requirements compared to high-head alpine
facilities. These dimensionless parameters facilitate comparison with international hy-
dropower projects and support generalization of the framework’s applicability across
different plant configurations.

The results obtained from the spatiotemporal LCA of the Sinop HPP enable benchmark-
ing against established international references, particularly comprehensive assessments
by the United Nations Economic Commission for Europe (UNECE) [60] and the National
Energy Technology Laboratory (NETL) of US Department of Energy [61].

The Sinop HPP’s climate change impacts (8.19 x 1073 kg CO,-Eq per kWh)
align closely with UNECE (2022) reported ranges for hydroelectric power systems
(6-147 g CO,-Eq/kWh), falling within the lower quartile. The assessment by the United
States Department of Energy National Energy Technology Laboratory reports lifecycle GHG
emissions of 4-222 g CO,-Eq/kWh, with Sinop’s performance demonstrating competitive
environmental performance within this range. When normalized by reservoir area, the facil-
ity demonstrates an emissions intensity of 0.05 kg CO,-Eq/m? over its 60-year operational
lifetime, indicating efficient land use relative to its electricity generation capacity.

Both international assessments [60,61] rely predominantly on static, geographically ag-
gregated LCA models, whereas the application of the proposed spatiotemporal framework
reveals significant temporal concentration of impacts during ‘Construction and Assembly’
stage. The international references report construction-phase impacts as distributed across
project lifecycles without temporal specificity, potentially masking critical intervention
windows identified in this study.

The Sinop analysis demonstrates that approximately 60% of construction-related
impacts originate from international supply chains, particularly steel and cement produc-
tion, whereas UNECE and NETL assessments typically attribute such impacts to domes-
tic production systems [60,61]. This spatial disaggregation exposes the transboundary
nature of environmental burdens, providing more precise guidance for supply chain
sustainability interventions.

6.3. Tropical Context Implications

The application of the framework to a tropical Brazilian context reveals distinctive
patterns that are often overlooked in studies conducted under temperate-climate condi-
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tions. One of the most striking findings concerns reservoir emissions. In tropical regions,
accelerated decomposition of organic matter leads to elevated methane releases during the
initial years following reservoir filling. These emissions, however, tend to stabilize after
three to five years, underscoring the importance of considering temporal dynamics when
evaluating greenhouse gas contributions from hydroelectric power generation.

Construction impacts also display particularities in the tropics. High humidity and
elevated temperatures influence both the performance of materials and the pace of construc-
tion activities, ultimately reshaping the temporal distribution of environmental burdens.
Such factors highlight the need for context-specific assessments, since conventional models
developed for temperate climates may underestimate or misrepresent the scale and timing
of impacts in tropical settings.

Equally significant are the biodiversity dynamics triggered by reservoir creation.
Tropical ecosystems differ in their recovery trajectories and in the ways species adapt or
migrate in response to habitat transformation. These ecological responses not only shape
long-term environmental outcomes but also reinforce the argument for integrating spatial
and temporal dimensions into sustainability assessments.

6.4. Policy and Planning Implications

The spatiotemporal framework developed in this study demonstrates a unique ca-
pacity to identify both critical windows for intervention and transboundary flows of
environmental impacts. This capacity equips decision-makers with more precise and
actionable information, thereby strengthening the design of sustainability strategies for
developing hydroelectric power generation systems. By moving beyond static assess-
ments and acknowledging the temporal concentration of impacts as well as their inter-
national spillovers, the framework creates new opportunities for policy innovation and
governance improvement.

One immediate implication lies in the realm of environmental licensing. Current
procedures typically focus on local and static impacts, yet the integration of spatiotemporal
considerations would require project developers to assess not only the timing of environ-
mental burdens but also their connections to international supply chains. Such an approach
would enrich licensing processes, ensuring that decision-making reflects the full scope of
hydroelectric power’s footprint.

Equally important are the consequences for procurement practices. By making explicit
the global and temporal distribution of impacts, the framework underscores the urgency
of adopting sustainable procurement standards. Requirements that prioritize low-carbon
materials and encourage local sourcing, whenever feasible, could significantly reduce
upstream impacts while also generating co-benefits for regional economies.

The framework also supports the adoption of adaptive management protocols. Be-
cause it highlights when environmental pressures are most intense, it enables regulators
to design phase-specific monitoring and mitigation requirements. This temporal preci-
sion ensures that resources are allocated efficiently and that interventions are deployed at
moments when they can deliver the greatest environmental protection.

Finally, the identification of transboundary flows has clear implications for interna-
tional cooperation. Since materials such as steel and cement often originate from global
supply chains, reducing their environmental burden cannot be achieved solely at the
national level. The framework provides a strong rationale for bilateral or multilateral
agreements with major producing countries, fostering collaborative approaches to reduce
upstream impacts and enhance sustainability across borders.

Taken together, these policy implications illustrate how a spatiotemporal perspective
can transform hydroelectric power governance. By linking local project oversight with
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global supply chain responsibility, the framework not only advances methodological fron-
tiers but also strengthens the practical instruments available to decision-makers committed
to reconciling energy security with environmental stewardship.

6.5. Framework Limitations and Future Research

Important challenges persist regarding substantial data requirements and modeling
complexity in the LCI phase. The ESPA method [21] implementation requires specialized
expertise and computational resources that may limit its immediate adoption in routine
policy or engineering contexts. Key limitations include: (i) use of ecoinvent RoW (Rest of
World) datasets for processes where Brazil-specific data were unavailable, which may not
adequately capture local technological conditions, energy matrix characteristics, or regional
production practices, potentially affecting impact assessment accuracy; (ii) data intensity
since spatiotemporal LCA requires 3-5 times more data than conventional approaches;
(iii) framework calibration needed for different ecological and supply chain contexts con-
sidering regional transferability; and (iv) need for long-term monitoring data to validate
temporal impact predictions.

The study’s reliance on a single case study (Sinop HPP) represents a significant limita-
tion for generalizability, requiring validation through diverse hydropower configurations,
climatic conditions, and supply chain structures before broader application.

Future research should address these limitations through the development of stream-
lined data collection protocols, regional characterization factor databases, and automated
uncertainty propagation methods, while expanding empirical validation to multiple hy-
dropower plants across different contexts.

7. Conclusions

This study successfully developed and empirically validated an integrated spatiotem-
poral life cycle assessment framework for hydroelectric power generation systems, address-
ing critical methodological gaps in contemporary LCA literature. The research questions
outlined in Table 1 guided this investigation, yielding substantial contributions to both
theoretical understanding and practical application.

Building on this foundation, the study demonstrates that spatiotemporal LCA frame-
works are essential for hydroelectric power systems due to the inherent complexity and
long-term nature of these infrastructure projects. Traditional approaches systematically
underestimate the heterogeneity and dynamic evolution of environmental impacts across
multidecadal project lifecycles.

The comprehensive literature review reinforced this point by identifying persistent
research gaps in integrating spatial and temporal dimensions within LCA methodologies
for electricity generation systems. As most existing studies either focus exclusively on static
assessments or treat spatial and temporal dimensions separately, they fail to capture the
interactive effects that define real-world systems.

To address these limitations, the six-stage approach developed here demonstrated
how spatiotemporal LCA frameworks can be both conceptualized and operationalised. In
particular, the integration of the ESPA method with region-specific inventory data from
the ecoinvent database v3.10 proved to be both feasible and compatible with existing LCA
software environments.

From this process emerged the three-component architecture—temporal framework,
spatial framework, and spatiotemporal integration methodology—which provides a repli-
cable blueprint for future applications. Crucially, the model’s ability to track environmental
flows across multiple geographical scales while maintaining annual temporal resolution
represents a significant methodological advancement.
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The Sinop HPP case study further confirmed the model’s applicability, offering con-
crete evidence of its analytical advantages over conventional methods. Whereas traditional
LCAs smooth out impact dynamics, the spatiotemporal approach revealed that environ-
mental impacts peak during year four and highlighted significant contributions from
international supply chains extending beyond Brazil’s borders.

Taken together, these findings demonstrate that the framework not only enhances
environmental assessments but also improves their practical utility. By enabling precise
temporal and geographical impact attribution, the model opens new avenues for policy in-
tegration, including environmental licensing processes, sustainable procurement standards,
and governance mechanisms that connect local ecosystem management with international
supply chain sustainability.

These contributions translate into several concrete pathways for the sustainable devel-
opment of hydroelectric power generation systems. The temporal concentration of impacts
during construction underscores the need for intensified regulatory oversight at critical
moments, while spatial impact mapping supports more effective ecosystem protection
efforts. Moreover, the framework’s capacity to quantify transboundary environmental
flows provides a valuable tool for strengthening international cooperation in addressing
upstream supply chain impacts.

Beyond its immediate relevance to hydroelectricity, the study establishes methodolog-
ical precedents with broader implications for sustainable infrastructure development. The
integration of spatiotemporal dimensions into LCA frameworks signals a paradigm shift
toward more context-sensitive forms of environmental accounting, capable of reflecting the
full complexity of socioecological systems.

The validation of this framework through the Sinop case study demonstrates that
methodological innovation can generate actionable knowledge for both environmen-
tal stewardship and sustainable development. By uncovering the intricate temporal
and spatial patterns underlying hydroelectricity’s environmental footprint, the research
equips stakeholders to make informed decisions that balance energy security with
ecological integrity.

Ultimately, as humanity confronts the unprecedented challenge of transitioning to
sustainable energy systems while remaining within planetary boundaries, frameworks
such as the one presented here provide both practical tools and a vision of possibility. The
capacity to guide targeted interventions and optimize resource allocation across project life-
cycles represents more than methodological progress—it reflects a collective commitment to
ensuring that clean energy development can coexist with healthy ecosystems, safeguarding
the future for all life on Earth.
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Appendix A. Search History in the Scopus Database

Table Al. Search strategy in the Scopus database: 2000-2024.

Keyword Search Documents
#1 TITLE-ABS-KEY (“life cycle assessment” OR LCA) 67,931
" TITLE-ABS-KEY (”electrﬁcity generation” OR “power generation” OR “energy 512 343
generation” OR “electric power systems” OR “renewable energy systems”) 4
# TITLE-ABS-KEY (“hydropower" OR ”hydroelectliic power” OR “hydropower plant” 63.007
OR “hydroelectric plant” OR “reservoir-based hydropower”) ’
4 TITLE-ABS-KEY (“temporal LC_A” OR “dynamic LCA” OR j‘spatial LCA”OR 193
“spatiotemporal LCA” OR “spatio-temporal LCA” OR “spatial-temporal LCA”
#5 #1 AND #2 4085
#6 #1 AND #3 457
#7 #2 AND #4 13
#8 #3 AND #4 0
Note: Search strategy and assessment on 24 September 2025.
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