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The transition to energy-efficient lighting is crucial for mitigating environmental impacts in the residential
sector, yet life cycle assessments often overlook upstream production burdens and integrated holistic environ-
mental performance metrics. This gap is particularly critical in Brazil, where lighting technologies are under-
going rapid evolution driven by energy efficiency policies and market dynamics. This study provides a holistic
environmental assessment of four major residential lighting technologies: incandescent (ICL), compact fluores-
cent (CFL), fluorescent tube (FFL), and light-emitting diode (LED) lamps, within the Brazilian context, projecting
their environmental load towards 2030. Employing a novel dual-indicator approach combining emergy synthesis
and Global Warming Potential (GWP) assessment on a lumen-hour functional unit, both production and usage
phases were evaluated while national demand projections were modeled. Results demonstrate that FFLs exhibit
the lowest environmental burden per lumen-hour, with 33 % lower emergy demand and 93% lower GWP
compared to LEDs, primarily due to their superior luminous efficiency and extended lifespan. However, LEDs,
projected to dominate 96% of the market by 2030, offer the optimal balance between production complexity and
operational performance, making them the most viable long-term solution despite higher manufacturing de-
mands. National-scale assessments reveal that residential lighting, while representing only 2.6 % of electricity
consumption, contributes disproportionately to the sector’s environmental footprint due to embedded produc-
tion impacts. Scenario analyses confirm LEDs as the most environmentally favorable choice under Brazil's
current energy efficiency policies, supported by competitive normalized emergy and GWP performance. These
findings underscore the critical need for policy alignment with life cycle-based metrics and enhanced integration
into building energy efficiency frameworks. Future research should incorporate end-of-life considerations to
strengthen environmental performance evaluations for the built environment.

1. Introduction

The electricity sector plays a crucial role in global carbon emissions,
and within the built environment, lighting alone accounts for nearly 19
% of worldwide electricity consumption [1]. Consequently, transition-
ing to energy-efficient lighting technologies, such as compact fluores-
cent lamps (CFLs) and light-emitting diodes (LEDs), has become a
central strategy in climate mitigation efforts and for optimizing building
energy performance [2]. International trends show accelerated adoption
of LED technology across developed and emerging economies [3]. In
Europe, the EU’s Ecodesign Directive has driven phase-out programs for
inefficient lighting through specific regulations establishing
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requirements for light sources [4], while the United States has estab-
lished federal efficiency standards through ENERGY STAR lamp speci-
fications [5]. These global transitions provide valuable context for
understanding Brazil’s unique position in the lighting technology
landscape.

In Brazil, the residential sector represents about 29 % of total energy
consumption, and electricity is the primary energy source, comprising
45 % of that demand [6]. The country’s predominantly renewable en-
ergy matrix, with 88.2 % from renewable sources in 2024, creates a
unique environmental context for evaluating lighting technologies [7].
By 2019, over 99 % of the Brazilian population had access to electricity,
largely due to programs such as “Luz para Todos” [6].
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Lighting technologies have evolved significantly in recent decades,
leading to major efficiency gains that directly impact the energy con-
sumption profiles of buildings. Although incandescent lamps (ICLs) were
once the dominant lighting technology, they have largely been replaced
by CFLs and LEDs. LEDs can reduce energy consumption by up to 80 %
compared to ICLs [8], offering longer lifespans and lower maintenance
needs. Nevertheless, population growth, urbanization, and improved
living standards are expected to increase overall residential energy
consumption [6], reinforcing the importance of efficient lighting solu-
tions for a sustainable built environment.

In the Brazilian context, residential lighting has undergone a sub-
stantial transition. Between 2005 and 2020, successive public policies,
including Portaria Interministerial No. 1.007/2010, which established
energy efficiency requirements for various lamp types [9], and market
trends have accelerated the replacement of ICLs and CFLs by LEDs,
profoundly impacting the energy consumption patterns of residential
buildings. However, modeling this transition is complex, as consumer
decisions are influenced by multiple economic, technical, environ-
mental, and behavioral factors - including initial cost, energy savings,
product availability, and cultural preferences [10,11]. Recent studies
indicate that environmental awareness also plays an increasing role in
these decisions [12,13,14]. Projecting lamp adoption trends under these
dynamics is key to supporting effective policy planning for building
energy efficiency.

Several studies have addressed the environmental aspects of lighting
technologies, with a predominant focus on recycling systems [15],
hazardous material management, such as mercury [16], and greenhouse
gas (GHG) emissions [17]. While early studies focused primarily on
energy consumption during use phases [18], contemporary research
emphasizes integrated life cycle approaches. Recent high-impact studies
highlight the importance of including manufacturing impacts, particu-
larly for LED technologies with complex semiconductor components
[19,20,21,18,22]. Furthermore, few studies integrate multiple envi-
ronmental indicators to capture the full spectrum of resource con-
sumption and environmental burdens [18]. This limitation is
particularly pronounced in the Brazilian context, where the unique en-
ergy matrix (EPE, 2025) and rapid technological transition create
distinct environmental implications that have not been adequately
addressed in the literature.

To fill this critical gap in the environmental evaluation of lighting
technologies within the built environment—namely, the inadequate
treatment of upstream impacts in conventional lighting asses-
sments—this study presents a novel dual-indicator approach, merging
emergy synthesis with a complete Life Cycle Assessment (LCA). While
most LCAs emphasize the electricity consumed during the usage phase,
the LCA conducted here also incorporates detailed data on materials and
manufacturing energy, thus expanding the system boundary to better
capture production-related impacts and providing an impact-side
perspective (e.g., Global Warming Potential — GWP). Complementa-
rily, emergy synthesis offers a donor-side perspective, accounting for all
inputs (materials, energy, labor, and services) expressed in a single
metric: solar emergy joules (sej). Together, these two approaches enable
a more integrated and holistic assessment of the environmental burdens
associated with lighting technologies throughout their life cycles,
providing valuable insights for sustainable building design and resource
management.

Given the pressing need for environmental impact evaluations in the
context of Brazil’s lighting transition within the residential building
sector, this study presents an integrated assessment of four major lamp
technologies: ICL, CFL, fluorescent tube (FFL), and LED using both
emergy synthesis and LCA. Furthermore, the study projects the resi-
dential lighting demand in Brazil for 2030, incorporating current trends
and policy targets.

The main objective of this research is to compare the environmental
performance of four lighting technologies within the Brazilian residen-
tial context, identifying the most sustainable options for building
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applications based on both production and usage phases. In addition to
evaluating each technology on a per-lumen-hour basis, the study also
projects national residential lighting demand for the year 2030, allowing
for an assessment of the potential consequences of different technology
adoption scenarios. By synergistically utilizing life cycle-based in-
dicators and emergy synthesis, this research aims to support informed
decision-making in building energy planning and contribute to national
and international sustainable building strategies.

This paper is structured as follows: Section 2 details the methods,
encompassing demand modeling, inventory development, and dual-
indicator calculation approaches. Section 3 presents and discusses the
results from three complementary analyses: individual lamp perfor-
mance comparison, national-scale projections for 2030, and scenario
analysis of technology substitution pathways. Finally, Section 4 offers
concluding remarks, summarizing key insights, addressing study limi-
tations, and proposing future research directions within the broader
contexts of global lighting transitions, policy implications, and sustain-
able building design.

2. Methods

This section presents the integrated methodological framework
employed to assess the environmental performance of lighting tech-
nologies within Brazilian residential buildings. The approach combines
four interconnected analytical components that together provide a
detailed evaluation of environmental burdens across production and
usage phases.

The methodological framework integrates: (i) demand projection
modeling to establish realistic technology adoption scenarios for 2030;
(ii) complete inventory development covering materials, energy, and
labor inputs; (iii) dual-indicator environmental assessment using both
emergy synthesis and Global Warming Potential; and (iv) multi-scale
analysis encompassing individual lamp performance, national pro-
jections, and scenario evaluation. This integrated approach enables
assessment of both micro-level technology performance and macro-level
policy implications for sustainable building design.

2.1. Modelling for the demand for lamps 2018-2030

The first step in the modeling proposed in this study was to deter-
mine the average number of lamps per household in Brazil. For this
purpose, Survey on the Ownership and Usage Habits of Electrical Ap-
pliances (PPH), conducted by Eletrobras in 2019, was used [23]. Ele-
trobras, the largest electricity utility company in Latin America, is
responsible for energy generation, transmission, and policies related to
electricity consumption in Brazil. The PPH is a methodology that as-
sesses the ownership of electrical appliances and usage patterns in the
Brazilian residential sector, providing detailed information on elec-
tricity consumption and its influencing factors, such as socioeconomic
and regional characteristics. PPH data are widely used for future sce-
nario modeling in several studies and reports, identifying energy effi-
ciency opportunities and formulating public policies in the electricity
sector [24,25].

Although PPH 2019 represents the most up-to-date dataset available
on appliance ownership and usage habits in the Brazilian residential
sector, several limitations must be explicitly acknowledged. Techno-
logical advancements, shifts in consumption behavior, and external
factors such as the COVID-19 pandemic have significantly influenced
residential electricity use. These changes introduce uncertainties in
projections, particularly regarding accelerated LED adoption rates and
altered usage patterns. Despite these limitations, PPH 2019 remains the
most authoritative source correlating appliance ownership, usage pat-
terns, and socioeconomic factors at the national level, providing the best
available foundation for this analysis.

To address data gaps and incorporate recent market dynamics,
Comex Stat [26] was utilized to estimate contemporary trends in lamp
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consumption. This official Brazilian foreign trade database provides
detailed monthly information on imports and exports, enabling cali-
bration of consumption patterns through 2023. Cross-referencing PPH
2019 baseline data with Comex Stat growth rates allows estimation of
technology-specific consumption trends, incorporating market evolu-
tion not captured in the original survey.

The projection methodology employs multiple linear regression with
population, GDP, and consumer households as independent variables.
While this approach provides robust trend analysis, inherent un-
certainties exist due to potential policy changes, technological disrup-
tions, and behavioral shifts not captured in historical data. These
uncertainties are acknowledged as study limitations and suggest the
need for periodic model updates as new data becomes available.

2.2. Inventory data and functional unit

Ideally, a complete inventory of inputs (materials, energy, and labor)
for lamp production and usage phases should utilize primary data
collected in situ within the Brazilian manufacturing context, validated
through detailed mass and energy balances. However, due to the un-
availability of primary Brazilian data and practical constraints on con-
ducting in situ measurements, this study relies on secondary data from
Sangwan et al. [27], who conducted an LCA of ICL, FFL, CFL, and LED
lamps within the Indian context.

This data source was selected based on several criteria: (1) coverage
of all four lamp technologies under study, (2) detailed material in-
ventories suitable for both emergy and GWP calculations, (3) trans-
parent methodology enabling data validation and adaptation, and (4)
consistency with international LCA standards and practices. The
fundamental consistency of lamp material composition and
manufacturing processes across different regions provides reasonable
justification for adapting these data to the Brazilian context. Core ma-
terials (glass, metals, electronic components, phosphors) and basic
manufacturing steps (assembly, quality control, packaging) remain
largely standardized across global production facilities, particularly for
multinational manufacturers that supply the Brazilian market.

The reliance on non-Brazilian manufacturing data introduces several
methodological limitations that must be explicitly acknowledged.
Regional differences in production efficiency, automation levels, and
quality control procedures may affect actual resource consumption
patterns, as Brazilian manufacturing facilities may operate with
different energy intensities or material utilization rates compared to the
Indian context. Additionally, variations in material sourcing, trans-
portation distances, and supplier networks between India and Brazil
could influence embedded environmental impacts, particularly for
specialized components like electronic circuits and rare earth elements.
Different electricity generation mixes and industrial energy prices be-
tween regions may also affect manufacturing energy consumption pat-
terns and associated environmental impacts, while variations in
automation levels, worker productivity, and manufacturing scale may
influence labor input requirements across different regional contexts.

While uncertainty analysis was beyond the scope of this study, the
reliance on non-Brazilian manufacturing data represents a limitation
that may affect the precision of production-phase impact estimates.
Future research should prioritize collection of primary Brazilian data to
enhance assessment accuracy and reduce methodological uncertainties.

Regarding labor inputs, estimation utilized data from Lian et al. [28],
analyzing manual, semi-automatic, and fully automated LED assembly
lines. Their study reports that a 20-worker manual assembly line pro-
duces 100 LED lamps in 59 min, yielding 0.35 worker-hours per lamp.
This estimate was applied uniformly across all lamp technologies,
acknowledging that while specific assembly processes differ among
technologies, core manual operations share fundamental similarities in
time requirements and skill levels. However, given limited dis-
aggregated labor data across all technologies and the need for meth-
odological consistency, this approach provides a reasonable baseline for
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comparative analysis.

Manufacturing energy requirements were derived from Welz et al.
[29] for ICL, CFL, and FFL lamps, expressed in MJ per hour of lighting
service. For LED lamps, estimates were based on U.S. Department of
Energy [30] data, applying a 1.6 ratio relative to CFL manufacturing
energy. This approach enables consistent comparison across technolo-
gies while acknowledging the limitations of extrapolating from different
data sources and regional contexts. Table 1 presents the detailed spec-
ifications of the lamps studied, including technical characteristics,
operational parameters, and performance metrics for each technology.

To enable comparison across these diverse technologies, the func-
tional unit adopted for this study is lumen-hour, representing the
lighting service delivered over time. This choice enables direct com-
parison of environmental performance across technologies with
different luminous outputs, operational lifespans, and power consump-
tion characteristics. Lumen-hour provides several analytical advantages:
(1) service-based comparison rather than product-based, ensuring fair
evaluation across technologies with vastly different characteristics; (2)
temporal integration accounting for both light output intensity and
operational duration; (3) policy relevance aligning with energy effi-
ciency standards that emphasize lighting service delivery rather than
lamp characteristics alone.

The relevance of lumen-hour as a functional unit is well-established
in the literature and supported by its application in multiple LCA studies.
Mahapatra et al. [31] and Jana [32] used lumen-hour in LCAs to
compare CFL and LED lamps in India, while Bergesen et al. [33] applied
it in a global LCA of efficient lighting technologies. More recently,
Ibrahim et al. [34] analyzed high-power LEDs for indoor use in Hong
Kong using this unit, and Principi and Fioretti [35] used lumen-hour to
evaluate LED and CFL luminaires. These studies show that lumen-hour is
a widely accepted and robust metric for quantifying the environmental
impacts of lighting in the built environment. In this context, its use in
both emergy synthesis and GWP indicators allows for consistent and
meaningful comparisons of the four technologies analyzed in this study.

2.3. Emergy synthesis

Emergy synthesis is a holistic approach that considers the donor-side
perspective in quantifying value, making it capable of recognizing
different energy qualities [36]. It is regarded as a robust method for
assessing production systems from a biophysical perspective [37,38].
This approach is particularly valuable for impact assessment as it ac-
counts for all upstream energy, materials, labor, and services required to
make resources available, expressed in solar emergy joules (sej). Emergy
is the total energy of one type available, used directly or indirectly, to
obtain a resource or service, with the unit of emergy being the solar
emjoule (sej; [36]. The quality of energy is quantitatively expressed by
unit emergy values (UEVs), which represent the ratio between the total
emergy required by a system and the output of a given service or product
[39] in sej/unit. Key concepts and definitions of emergy can be found
primarily in Odum [36] and Brown and Ulgiati [40,41].

Emergy synthesis is conducted in three main steps. The first step
involves creating an energy flow diagram of the system under evalua-
tion, using the symbolic language proposed by Odum [36]. These dia-
grams illustrate the input flows of energy, materials, labor, and

Table 1
Detailed specifications of the lamps studied.
FFL CFL LED ICL

Wattage (W) 36 35 5 60
Lumens 2,425 2,400 300 720
Lifetime (hours) 15,000 6,000 20,000 1,000
Lumen-Hours (10%) 36,375 14,400 6,000 720
Lumen-Hours (10%)/W 10.10 4.11 12.00 0.12

Source: Sangwan et al. [27].
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information required to provide a product or service [40]. Fig. 1 presents
the energy flow diagram for lighting lamp production and usage, uti-
lizing Odum’s symbolic language to illustrate system boundaries and
resource flows. The diagram encompasses both spatial and temporal
boundaries of the evaluated system, covering the production and usage
phases of each lamp type and illustrating their contribution to the en-
ergy consumption and environmental impact of residential buildings.

Regarding the production phase flows in Fig. 1, the interaction of
materials, energy, and labor used in the manufacturing process is
depicted in the production phase. Raw materials including glass, metals
(aluminum, copper), plastics, electronic components, and miscellaneous
materials flow into the manufacturing process. Manufacturing elec-
tricity powers production equipment, assembly lines, and quality con-
trol systems, while human work provides assembly, quality control, and
management services essential for lamp production. Technical knowl-
edge, design specifications, and manufacturing protocols guide the
production process through information flows. Focusing on the usage
phase flows of Fig. 1, the interaction between electricity and the man-
ufactured lamps is represented, highlighting the energy input necessary
for their operation. Grid electricity powers lamp operation throughout
their operational lifetime, and the interaction between manufactured
lamps and operational electricity produces the desired lighting service,
providing artificial light quantified as lumens over time. The diagram
clearly delineates the spatial boundary including both production fa-
cilities and residential usage contexts. Temporal boundaries span from
raw material extraction through manufacturing to end-of-use, though
disposal phases are excluded due to data limitations. The interaction
arrows demonstrate how materials, energy, and labor converge in the
production subsystem, while the usage subsystem shows the trans-
formation of electricity and manufactured lamps into lighting services.

In Brazil, lamp disposal follows the National Solid Waste Policy
(PNRS, Law No. 12305/2010), which mandates reverse logistics for
hazardous waste. According to ABNT NBR 10004, FFL and CFL lamps,
along with sodium vapor, mercury vapor, and mixed light lamps, are
classified as hazardous waste (Class I) due to mercury content and must
be sent to specialized recycling facilities instead of landfills. ICL and LED
lamps, classified as non-hazardous waste (Class II), do not contain sig-
nificant amounts of toxic substances but still require proper material
recovery systems for optimal resource management. This exclusion of
end-of-life processes represents a critical limitation of our study,
particularly for mercury-containing lamps where end-of-life environ-
mental risks may significantly affect overall sustainability rankings. The
omission could underestimate the total environmental burden of FFL
and CFL technologies, potentially influencing comparative assessments.
Future studies should prioritize incorporating end-of-life assessments,
including collection infrastructure, recycling processes, and final
disposal impacts, to provide more complete environmental evaluations
and address this methodological gap.

Following system diagramming (Fig. 1), the inventory phase involves
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Glass,
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identifying and quantifying all material, energy, and labor inputs
required for the production and usage of the lamps. This procedure
parallels environmental assessment methods such as LCA but applies
emergy-specific classification criteria.

In emergy synthesis, identified flows are classified into three cate-
gories: (i) local renewable from nature (R), when they are freely ob-
tained from nature and their renewal rate exceeds the rate of extraction;
(ii) local non-renewable from nature (N), when they are also freely
obtained but have a renewal rate slower than their extraction rate; and
(iii) economic inputs (F), when the resource is acquired through eco-
nomic transactions. For this study, all inputs used in lamp
manufacturing were classified as economic inputs (F), including all raw
materials and energy sources, reflecting the industrial nature of lamp
production systems. As a result of this classification, traditional emergy
indicators that rely on the separation of R, N, and F components were not
applicable to this analysis. Instead, only the total emergy required for
lamp production and usage was considered, providing a measure of total
environmental support. Future studies could consider adopting the ac-
counting approach for partial renewabilities [39], which could enhance
the accuracy of emergy indicators if partial renewabilities of each
emergy flow can be determined.

Upon completing the inventory, each identified flow is multiplied by
its respective unit emergy value (UEV), standardized according to the
emergy baseline of 12E+24 sej/year from Brown and Ulgiati [42],
ensuring consistency with contemporary emergy literature. The UEVs
were obtained from the scientific literature database, which provides
data from various previous studies. After selecting UEVs from this
database and considering the authors’ expertise, they were cross-
checked with their original referenced studies to ensure methodolog-
ical consistency. All UEVs used in this study already account for the
share of labor and services required for their determination, which is
why ’services’ that represent indirect labor were not double-counted in
the analysis.

In addition to being a transformation coefficient, the UEV represents
energy quality or resource hierarchy on an energy scale, functioning as a
“memory” that traces back all previous energy required to make a
resource available. For a more detailed discussion on energy quality,
please refer to Odum [36].

As the final step of emergy synthesis, all inputs are expressed in solar
emergy joules (sej), which, when summed, represent the total emergy (i.
e., the total effort by nature) required to produce and use each lamp
throughout its entire operational lifespan. The indicator sej/lumen-hour
integrates emergy synthesis with the functional unit and allows for a
more precise environmental assessment, as it accounts for the total
resource demand and the actual lighting service each lamp provides. By
normalizing emergy by lumen-hour, this indicator captures differences
in luminous efficiency and operational lifespan, offering a more accurate
comparison of the environmental performance across different lighting
technologies studied.

Lumens

) s

Disposal

Fig. 1. Energy diagram for the production of lightning bulbs.
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2.4. Global warming potential

Global Warming Potential (GWP) assessment focuses on indirect
emissions throughout lamp production and usage phases, as no direct
emissions occur during lamp operation. This approach captures “hidden
costs” [43] embedded in supply chains and electricity generation sys-
tems, providing a carbon footprint evaluation that complements the
emergy analysis.

Brazil’s predominantly hydroelectric electricity matrix (>80 %
renewable sources) creates a unique GWP context compared to fossil
fuel-dependent grids commonly analyzed in international studies. This
renewable-heavy system significantly reduces usage-phase emissions
relative to global averages, making production-phase impacts propor-
tionally more significant in overall environmental assessments. How-
ever, these emissions often occur in different regions, far from the actual
place where lamps are being used, yet they must be allocated to the
consumption location for accurate impact assessment.

Indirect emissions encompass the emissions generated throughout
the supply chain of materials used in lamp manufacturing, while the
usage phase also releases gases into the atmosphere through electricity
production processes. The GWP calculations utilize Ecoinvent database
(version 3.8, 2021) emission factors with ReCiPe Midpoint (H) meth-
odology for climate change impact assessment under Life Cycle Impact
Assessment (LCIA) framework.

Methodological consistency between emergy and GWP assessments
was ensured by utilizing the same material and energy inventory for
both analyses, with the notable exception that labor inputs are included
in emergy calculations but excluded from GWP assessments due to the
absence of direct carbon emissions from human work. The GWP
equivalency factors were multiplied by the quantity of each system input
obtained in the inventory phase considered for emergy synthesis. This
approach ensures that both assessment methods evaluate identical ma-
terial and energy flows, enabling robust comparative analysis while
acknowledging the conceptual differences in how each methodology
treats human labor contributions.

The GWP results are expressed in kilograms of CO, equivalent
(kgCO2eq), following established international standards for carbon
footprint reporting. The kgCOseq/lumen-hour indicator integrates the
GWP assessment with the established functional unit, offering a stan-
dardized metric for comparatively evaluating the climate change impact
of the four lighting technologies and their implications for the sustain-
ability of residential buildings. This functional unit normalization en-
ables direct comparison across technologies with different operational
characteristics, luminous outputs, and lifespans, providing decision-
makers with actionable information for sustainable lighting choices.

2.5. Method of results analysis

Results are structured through three complementary analytical ap-
proaches that provide assessment across multiple scales. (I) Individual
Technology Performance: Emergy and GWP indicators per lumen-hour
enable direct comparison of environmental efficiency across lamp
technologies, identifying optimal choices for building-level applications.
(II) National-Scale Assessment: Absolute emergy and GWP projections
for Brazil’s 2030 lighting demand reveal aggregate environmental im-
plications of technology transitions, informing national policy devel-
opment. (III) Scenario Analysis: Hypothetical market configurations
explore environmental consequences of alternative technology adoption
pathways, supporting strategic planning for sustainable building design
and energy policy.

This multi-scale approach ensures findings are relevant for both in-
dividual building design decisions and national-level policy formula-
tion, addressing the full spectrum of sustainable lighting
implementation challenges.
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3. Results and discussion
3.1. Impact related to functional unit

3.1.1. Emergy synthesis

Table 2 presents a summarized overview of the emergy demand (in
sej) associated with the production of each lamp type evaluated in this
study, highlighting the primary emergy drivers and their relative con-
tributions. The complete and detailed emergy synthesis, including
breakdowns of materials, manufacturing energy, and labor inputs for
each lamp type, is available in the Supplemental Material (sheets 4 and
5). This summarized data provides clear differences in the distribution
and intensity of emergy inputs across the four technologies, estabilishing
a foundational understanding of the embodied resource costs of lighting
components within residential buildings.

The emergy synthesis reveals a clear hierarchy of production
complexity and resource intensity across the four technologies. ICL
lamps exhibit the lowest total emergy demand per unit, totaling
2.17E+12 sej. However, this value must be interpreted with caution, as
it reflects the lamp’s simpler construction rather than better environ-
mental performance. Over half of this emergy (57 %) is attributed to the
“Miscellaneous™ category, primarily tungsten in the filament, whose
emergy was estimated using the UEV for tungsten. As explained by
Sangwan et al. [27], the original inventory could not disaggregate the
specific elements in this category, justifying the approximation. Notably,
labor accounts for 41 % of the total emergy demand in ICLs, reinforcing
the relevance of human inputs even in seemingly simple technologies.

CFL lamps demonstrate intermediate emergy requirements with a
higher total emergy demand of 3.38E+12 sej per unit. The emergy
distribution reflects their technological complexity: 51 % comes from
printed wiring boards and electronics (PWB), 26 % from labor, 10 %
from miscellaneous materials, and 7 % from plastic components. This
distribution reflects the technological complexity of CFLs, which rely on
integrated electronic ballasts and control circuits to function effectively
[27].

For FFL lamps, the total emergy per unit is 3.12E+12 sej, a value
similar to CFLs but with notably different resource allocation patterns. A
substantial share (65 %) is linked to the miscellaneous category, with
labor contributing 29 %, followed by packaging and manufacturing
energy with modest shares. As with ICLs, the aggregated treatment of
the miscellaneous category introduces some uncertainty, yet including
high-emergy-intensity substances supports the energy magnitude
observed.

LED lamps require the highest production emergy (4.47E+12 sej),
consistent with their sophisticated manufacturing processes involving
semiconductors, heat management systems, and precision electronic
components. The emergy distribution emphasizes material complexity
(42 % miscellaneous materials, 20 % from labor, 16 % from PWB &
electronics, and 10 % from manufacturing energy), reflecting the
energy-intensive semiconductor fabrication processes and precision-
engineered components required [27].

Table 2
Emergy required to produce one unit of each type of lamp studied in this work.
Lamp Total Primary Driver ~ Main Secondary
Type Emergy Contribution Contributors
(sej) (%)
FFL 3.12E+12 Miscellaneous 65 % Labor (29 %),
Manufacturing
Energy (4 %)
CFL 3.38E+12 PWB & 51 % Labor (26 %),
Electronics Miscellaneous (10
%)
LED 4.47E+12 Miscellaneous 42 % Labor (20 %), PWB
& Electronics (16
%)
ICL 2.17E+12 Miscellaneous 57 % Labor (41 %)
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Fig. 2 presents the critical transformation from absolute production
emergy to performance-based indicators, integrating the functional unit
of lumen-hour through the Emergy for Production (EP) and Emergy for
Usage (EU) indicators. This analysis reveals the fundamental trade-offs
between production complexity and operational efficiency that define
lighting choices. The calculations for estimating the emergy required for
lamp usage are detailed in the Supplementary Material, on Sheets 3.1 to
3.4. The results demonstrate a clear inversion of environmental per-
formance when production emergy is normalized by lighting service
delivered. The ICL lamp has the highest sej/lumen-hour ratio for both
production (EP; 3.01E+06) and usage (EU; 8.06E+07), making it the
most emergy-intensive lighting option among those analyzed. This
outcome is primarily due to two key factors: first, the ICL lamp has the
lowest lumen-hour output (7.20E+05 lm-hour; Table 1) among the
technologies studied; second, it operates at the highest power rating (60
W; Table 1), significantly increasing its electricity consumption. Despite
its simple structure and low material demand during production, its
poor luminous efficiency and short lifespan result in a high emergy
requirement per unit of light delivered. The total emergy demand (EP +
EU) for ICLs is 8.36E+07 sej/lumen-hour.

LED lamps achieve balanced performance with a sej/lumen-hour
ratio of 7.45E+05 for production (EP) and 8.06E+05 for usage (EU),
representing the second highest in production but the lowest in usage
among the four types. While LED lamps require substantial emergy in-
puts due to the complexity and quantity of electronic components, their
long lifespan (30,000 h; Table 1) and high luminous efficiency effec-
tively reduce emergy demand during operation. This trade-off makes
LEDs a balanced option regarding production cost and operational
performance, with a total emergy demand of 1.55 x 10° sej/lumen-hour.

CFL lamps have a sej/lumen-hour ratio of 2.35E405 for production
(EP) and 2.42E+06 for usage (EU). These values reflect CFLs’ structural
complexity, including integrated ballasts and electronic circuits, leading
to relatively high emergy demands. Despite their longer lifespan
compared to ICLs, their energy consumption during use remains
considerable and contributes substantially to their overall emergy pro-
file. The total emergy demand for CFL lamps is 2.66E+06 sej/lumen-
hour.

FFL lamps emerge as the most efficient option with the lowest pro-
duction emergy ratio (EP; 8.58E+04) and moderate usage emergy (EU;
9.57E+05). These results are due to their long operational lifespan and
high lumen-hour output (3.64E+07; Table 1), which allow for greater
dilution of production and usage inputs over time. Their simpler struc-
ture compared to CFLs and LEDs contributes to their lower emergy in-
tensity. The total emergy demand for FFL lamps is 1.04E+06 sej/lumen-
hour, combining moderate production requirements with exceptional
operational performance, though regulatory constraints regarding
mercury content limit their practical deployment potential.

The results confirm that the usage phase (electricity consumption) is

1.00E+08 —+ 8.06E+07
. 1.00E+07 +
= F 2.42E+06  3.01E+06
£ [ 7.45E405 < -~
= \ 8.06E+05 =
= \ p 9.57E+05
2 1.00E+06 + \ e
= 2.35E+05
g C 8.58E+04
“' 1.00E+05 + .

1.00E+04

LED FFL CFL CL
O Emergy for prod on (EP) W Emergy for

Fig. 2. Solar Emergy (sej) (log scale) per Lumen-Hour per lamp. Data from
Table 1 and Supplementary Material.
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the main contributor to emergy demand across all technologies. How-
ever, the production phase also represents a significant share and should
not be overlooked, particularly for LED lamps. For all analyzed lamps,
the amount of sej required to generate the same lumen-hour is higher
during usage (EU) than in production (EP), emphasizing the importance
of energy consumption throughout the lamp’s lifespan. Nevertheless,
manufacturing more efficient lamps still requires considerable emergy
input, reinforcing the need to consider both phases when assessing the
environmental impact of residential lighting systems. Therefore, de-
cisions regarding technological transitions and public policies in the
residential building sector should account for both operational perfor-
mance and production impacts to ensure more emergy-efficient choices
for residential buildings.

To the best of our knowledge, this represents the first application of
emergy synthesis to lighting technology assessment covering both pro-
duction and usage phases of residential lighting technologies, providing
unique insights into resource efficiency that complement conventional
LCA approaches. The methodology captures upstream resource re-
quirements often overlooked in energy-focused assessments, revealing
the full environmental cost of lighting service delivery. This gap em-
phasizes the novelty of the present work, which introduces emergy
analysis into an underexplored context. The findings offer valuable in-
sights for future research and policymaking focused on sustainable
lighting systems and energy transition strategies.

3.1.2. Global warming potential

Table 3 presents a summarized overview of the GWP values (in
kgCOzeq) associated with the production of each lamp type evaluated in
this study, highlighting the primary carbon emission drivers and their
relative contributions. The complete and detailed GWP analysis,
including breakdowns of all material inputs and their specific contri-
butions to total emissions for each lamp type, is available in the sup-
plemental material. This summarized data allows for a comparative
evaluation of the environmental burden of different lighting technolo-
gies during their production phase, representing a crucial aspect of the
embodied carbon emissions of lighting components in residential
buildings.

The GWP analysis reveals distinct patterns of carbon intensity that
complement emergy findings while highlighting different environ-
mental priorities. CFL lamps exhibited the highest GWP per unit,
totaling 67.03 kgCO2eq among the analyzed technologies. This elevated
value is overwhelmingly driven by the PWB & Electronics category,
which accounts for 96 % of total emissions. The presence of complex
electronic circuits and components in CFLs significantly amplifies their
environmental burden during production, reflecting the energy-
intensive manufacturing of integrated ballasts and control circuits
essential for CFL operation.

LED lamps follow with substantial production emissions (30.00
kgCO9eq per unit), primarily from electronic components (88 %) and
plastic housings (11 %). As with CFLs, electronics dominate the

Table 3
GWP indicator due to the production of one unit of each type of lamp studied in
this work.

Lamp Total GWP Primary Driver Main Secondary
Type (kgCO2eq) Contribution Contributors
(%)

FFL 1.26E-01 Manufacturing 36 % Packaging (17 %),
Energy Glass (14 %)

CFL 6.70E+01 PWB & 96 % Plastic (4 %)
Electronics

LED 3.00E+01 PWB & 88 % Plastic (11 %)
Electronics

ICL 3.63E—-02 Aluminum 58 % Packaging (16 %),

Miscellaneous (14
%)
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emissions profile. Although LED lamps offer superior efficiency and
lifespan during use, their production phase is material- and energy-
intensive, especially due to the inclusion of plastics, semiconductors,
and circuit boards, reflecting the carbon-intensive semiconductor
manufacturing processes and precision component fabrication required
for LED technology. In contrast, FFL lamps showed a much lower total
GWP of 0.126 kgCOzeq, with significantly reduced carbon intensity.
Their emissions profile is more balanced, with manufacturing energy
(36 %) and aluminum (26 %) as the most significant contributors. Glass
and packaging also play non-negligible roles, at 14 % and 17 %
respectively, while the “Miscellaneous” category accounts for 7 % of
total emissions.

ICL lamps presented the lowest GWP among the four types, at 0.036
kgCOqeq per unit, reflecting their simpler construction and reduced
electronic content. Most of their emissions stem from aluminum (58 %)
and packaging (16 %), with the tungsten-based “Miscellaneous™ cate-
gory contributing 14 %. The emissions attributed to the “Miscellaneous™
category were estimated using the emission factor for tungsten, based on
the same rationale adopted in the emergy synthesis, ensuring consis-
tency across GWP and emergy assessments. However, these low pro-
duction impacts must be evaluated against operational performance to
determine overall environmental merit.

Fig. 3 presents GWP performance per lumen-hour through the GWP
for Production (GWPP) and GWP for Usage (GWPU) indicators, enabling
direct comparison with international studies and revealing the impor-
tance of operational efficiency in overall climate impact. These two in-
dicators provide a harmonized framework for comparing the climate
change impact of different lighting technologies throughout their life
cycle, which is crucial for understanding their environmental implica-
tions within residential buildings. The calculations used to estimate the
GWP from lamp usage are detailed in the Supplementary Material.

The results indicate clear performance hierarchies that align with
emergy findings while providing climate-specific insights. ICL lamps
show the highest total GWP among the technologies evaluated, with
5.04E—11 tonCO2eq/Im-h for production and 3.06E—08 tonCO»eq/Im-h
for usage, totaling 3.06E—08 tonCOzeq/lm-h. This extremely high
GWPU reflects ICLs’ low luminous efficiency, short lifespan, and high
electricity consumption. Despite their minimal material intensity during
production, their operational inefficiency produces a substantial envi-
ronmental burden over their lifecycle.

CFL lamps follow with 4.65E—09 tonCO2eq/Im-h for production and
9.17E—10 tonCO2eq/Im-h for usage, totaling 5.57E—09 tonCO-eq/Ilm-h.
Their relatively high GWPP is primarily due to the presence of electronic
components and materials with high emission factors. However, their
usage-phase emissions are significantly lower than those of ICLs, owing
to better energy efficiency and longer operational life. LED lamps pre-
sent a GWPP of 5.00E—09 tonCO»eq/Ilm-h and a GWPU of 3.06E—10

1.00E-07 3.06E-08

5.00E-09

=

1.00E-08 4.65E-09

9.17E-10

1.00E-09 3.06E-10  363F.10 4

5.04E-11
1.00E-10 N

GWP (tonCO2eq/Im-h)

1.00E-11 3.47E-12

1.00E-12

LED FFL CFL CL

OGWP for production (GWPP)

Fig. 3. Global warming potential in tonCOx.eq./Im-hr (log scale) per each type
of lamp evaluated. Data from Table 01 and Supplementary Material.
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tonCOzeq/Im-h, totaling 5.31 x 10~° tonCOseq/Im-h. While LEDs
require considerable resources for manufacturing, particularly due to
the use of electronics and semiconductors, their operational efficiency
yields the lowest usage-phase emissions among all technologies. This
trade-off highlights their potential as a climate-efficient lighting option,
particularly in regions with carbon-intensive electricity grids.

FFL lamps achieve the lowest total GWP (3.67E—10 tonCOzeq/Im-h),
with a GWPP of 3.47E—12 tonCO»eq/lm-h and a GWPU of 3.63E—10
tonCOyeq/Im-h. These results reflect their high lumen-hour output and
efficient operation, combining moderate production emissions with
excellent operational efficiency. Although FFLs contain mercury, posing
end-of-life disposal challenges, they demonstrate the best overall per-
formance in terms of GWP per lumen-hour.

To contextualize the findings of this study, the total GWP per lumen-
hour (GWPP + GWPU) was compared with values reported by Bergesen
et al. [33], who conducted a global LCA of the same four lighting
technologies, reporting average GWP values of 3.50E—08 tonCOyeq/Im-
h for ICL, 5.00E—09 for CFL, 2.00E—09 for LED, and 4.00E—09 for FFL,
based on data from both OECD and non-OECD countries. In comparison,
this study estimated GWP values of 3.06E—08 for ICL, 5.57E—09 for
CFL, 5.31E—09 for LED, and 3.67E—10 for FFL.

The comparison reveals important regional variations that under-
score the critical importance of context-specific assessments. Our ICL
results align closely with global findings (about 15 % lower), while CFL
results are marginally higher (around 10 %). The LED value is consid-
erably higher, approximately 2.7 times greater, likely due to the more
detailed inclusion of manufacturing energy and component data in the
present study. Most notably, FFL performance is markedly lower, nearly
11 times better than global averages, emphasizing the strong perfor-
mance of this technology within Brazil’s renewable energy context.

This regional specificity reflects Brazil’s predominantly renewable
energy matrix and updated emission characterization factors, which
significantly outperform global averages reported by Bergesen et al.
[33] that include fossil fuel-dependent grids. This underscores the value
of context-specific assessments for informing national policies and
supporting environmentally conscious technological choices in resi-
dential building design. The results presented here offer a robust and
localized contribution to the environmental evaluation of lighting sys-
tems, with higher resolution and relevance for Brazilian conditions than
previous global averages, providing actionable data for enhanced sus-
tainability in residential lighting solutions.

3.1.3. Overall analysis

To consolidate the environmental performance analysis of the four
lighting technologies under study, this section presents a joint inter-
pretation of results based on emergy synthesis and GWP indicators.
These two complementary approaches were normalized using LED
lamps as the baseline (LED = 1.00), due to their dominant market share
and alignment with national energy efficiency policies. Table 4 presents
the normalized values of total emergy (EP + EU) and GWP (GWPP +
GWPU) per lumen-hour for each lamp type, offering a critical compar-
ison for selecting lighting solutions in residential buildings.

The normalized comparison reveals trade-offs between production
complexity and operational efficiency across lighting technologies. The
54-fold difference between ICLs and LEDs in emergy intensity shows

Table 4
Normalized environmental performance of lamp types based on EP + EU
(Emergy) and GWPP + GWPU (GWP), relative to LED (LED = 1.00).

Lamp EP + EU Normalization =~ GWPP + GWPU Normalization
type (sej/lm-h) (kgCO2eq/Im-h)

LED 1.55x10° 1.00 5.31E+09 1.00

FFL 1.04x10° 0.67 3.67E+10 0.07

CFL 2.65x10° 1.71 5.57E+09 1.05

ICL 8.36x107 53.90 3.06E+08 5.77
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how operational inefficiency can overwhelm production simplicity.
While ICLs require minimal manufacturing resources, their poor lumi-
nous efficiency transforms this into an environmental burden.

The GWP indicator follows a consistent pattern. ICLs rank worst,
with a GWP per lumen-hour almost 6 times higher than LEDs. This result
stems from their high electricity consumption during use, which domi-
nates their total emissions. CFLs show a slightly higher GWP than LEDs
(1.05x), despite their energy savings compared to ICLs, indicating that
the environmental cost of their production offsets their usage efficiency
gains. FFLs perform best, with the lowest GWP of all (0.07 x LED),
confirming their performance when emissions are considered.

The alignment between emergy and GWP rankings validates both
approaches while revealing technology-specific patterns. CFLs present a
paradox: despite efficiency gains over ICLs, their production complexity
limits their environmental advantage (1.71 x and 1.05 x LED for
emergy and GWP, respectively). This suggests that efficiency improve-
ments may not justify increased manufacturing complexity.

One of the most significant outcomes of this comparative analysis is
the identical ranking of technologies across both environmental in-
dicators. In both emergy and GWP assessments, FFLs perform best, fol-
lowed by LEDs and CFLs, with ICLs consistently performing worst. This
convergence of results provides strong cross-validation for the meth-
odological approach employed, suggesting that the findings are robust
regardless of the assessment lens applied, and provides a clear hierarchy
for sustainable lighting choices in residential building applications.

Despite their excellent performance in both metrics, FFLs are subject
to increasing regulatory restrictions due to their mercury content, an
aspect not evaluated in this study. This limitation underscores the
importance of assessments considering toxicity and end-of-life impacts
for lighting components within residential buildings. In contrast, LEDs
offer a strong balance between production complexity and operational
performance, justifying their position as the reference technology in
current energy policy. These results highlight the critical need to
consider both production and usage phases when evaluating lighting
technologies, especially in policy contexts that aim to promote long-
term sustainability of residential lighting systems within the built
environment.

The dual-indicator analysis reinforces the strategic importance of
LEDs and FFLs for sustainable residential lighting in Brazil, while clearly
showing the environmental inefficiency of maintaining ICLs in the
market. However, when considering policy implementation, industrial
trends, and regulatory constraints, particularly those related to mercury
content in FFLs, LED lamps emerge as the most viable and strategic
technology for widespread adoption of lighting systems in residential
building projects. They offer a robust balance between low usage-phase
impacts, strong performance across both emergy and GWP indicators,
and alignment with existing energy efficiency policies. However, it is
important to note that this study did not consider the disposal phase of
lighting technologies, which could introduce additional environmental
trade-offs, particularly for mercury-containing lamps like FFLs. There-
fore, public policies and incentive programs should prioritize the tran-
sition toward 100 % LED adoption, ensuring that production impacts are
mitigated through improvements in design, manufacturing efficiency,
and end-of-life management relevant for residential lighting
components.

3.2. Global impact for Bragzil in 2030

3.2.1. Demand for lamps for 2030

The previous section presented the environmental performance of
the four lamp types evaluated in this study, considering their
manufacturing and usage phases under the functional unit. This section
discusses the projected demand for residential lighting in Brazil in 2030,
detailing the expected evolution of lighting technologies within the
country’s residential buildings. All projection details, including data and
calculations, are available in the Supplementary Material, Sheet 5.
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Of the total projected lamp consumption in 2030 (608.26 million
units), LED lamps would dominate the market with 585.40 million units,
while ICL, FFL, and CFL account for only 16.94 million, 5.92 million,
and a negligible 0.001 million units, respectively. This disparity high-
lights the ongoing technological shift, primarily driven by the longer
lifespan and cost-effectiveness of LED lamps [44], which results in lower
replacement rates and greater market adoption.

Over the past two decades, many countries have implemented phase-
out programs and energy efficiency regulations to restrict the commer-
cialization of high-energy-consuming light sources, significantly
reducing the market share of ICL, CFL, and FFL lamps [45,1,46,47,48].
Furthermore, the environmental impact of certain lamp types, particu-
larly those containing hazardous substances such as mercury (e.g., CFLs
and some FFLs), has led to stricter disposal regulations and a shift in
consumer preferences toward safer and more sustainable alternatives.
Additionally, advancements in LED manufacturing processes, declining
production costs, and improvements in luminous efficacy have further
reinforced the widespread adoption of LED lamps across residential,
commercial, and industrial applications.

The 2030 lamp projection is crucial for understanding the drivers
and consequences of lamp substitution trends and supporting the
assessment of environmental burdens associated with the residential
lighting sector in Brazil, which is a key component of overall energy
consumption and environmental impact evaluation in residential
buildings. The emergy synthesis method and the GWP indicator are
applied in the following subsections to achieve that goal.

3.2.2. Emergy synthesis

Table 5 provides a consolidated overview of the total emergy
required to support residential lighting demand in Brazil by 2030,
considering both the production (EP) and usage (EU) phases of each
lamp type. The table offers a clearer and more intuitive comparison by
including absolute and percentage values, quantifying the resource in-
tensity embedded in the lighting systems of Brazilian residential
buildings.

The results indicate that LED lamps overwhelmingly dominate Bra-
zil’s projected lighting market in 2030, both in production and usage.
LEDs account for 98 % of the total emergy required for production (EP),
totaling 2.62 x 1021 sej, and 70 % of the emergy consumed during
usage (EU), equivalent to 2.83 x 1021 sej. This dominance stems not
only from their high market share but also from their high individual
material and manufacturing demand, directly shaping the resource
consumption profile of the residential building stock.

Although ICL lamps represent a much smaller number of units in
2030, they still account for 24 % of total emergy for usage, or 9.82 x
102 sej, due to their low luminous efficiency and high power rating (60
W). Their production phase, in contrast, represents only 1 % of total EP,
reflecting their simpler material structure.

FFL lamps require 5 % of the emergy required during usage and 1 %
in production, with a combined emergy contribution of 3 % of the

Table 5
Total emergy demand for production (EP), usage (EU), and combined (EP + EU)
for total lamps projected for 2030 in Brazil.

Lamp Lamp EP EU EP + EU
Type Unit % sej % sej % (sej) (%)
(million)

LED 585.40 9 2.62 98 2.83 70 5.45 81
x 102! x 102 x 102!

ICL 16.94 3 3.68 1 9.82 24 1.02 15
x 101 x 10%° x 102!

FFL 5.92 1 1.85 1 2.06 5 2.24 3
x 10" x 10%° x 10%°

CFL 0.001 <1 338 <1 338 <1 372 <1
x 101® x 101® x 101®

Total 608.26 100  2.67 100 4.02 100  6.69 100
x 102 x 102 x 10
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national total. Despite their lower environmental footprint than ICLs,
their limited market share diminishes their aggregate influence.

CFLs, which have virtually disappeared from the market in the pro-
jected scenario, contribute negligibly to the total emergy demand: less
than 1 % for both EP and EU.

These results highlight that while LED technology reduces opera-
tional environmental burdens, its widespread use results in high abso-
lute emergy demand. Conversely, although present in lower quantities,
traditional technologies such as ICLs and FFLs still exert environmental
burdens due to their high energy demands per unit. The findings un-
derscore the importance of combining efficiency gains with environ-
mental impact analysis when evaluating lighting transitions, providing
insights for planning and policy-making within the residential building
sector.

3.2.3. Global warming potential

Table 6 presents the projected GWP for Brazil’s residential lighting
sector in 2030, detailing emissions from lamp production (GWPP),
electricity usage (GWPU), and their combined total. The breakdown
highlights the relative emissions contribution of each technology based
on projected market shares, providing an outlook on the environmental
burden of lighting systems within Brazilian residential buildings.

The results show the predominance of LED lamps regarding both
absolute emissions and percentage contribution. With a total of 1.87 x
107 tonCOyeq, LEDs represent 98 % of GWPP and 70 % of GWPU,
resulting in the largest share of total GWP (1.91 x 107 tonCO4eq). This is
explained by their overwhelming market share (over 96 % of installed
lamps), which amplifies their impact despite their superior operational
efficiency and relatively low emissions per lumen-hour, underscoring
the importance of addressing the embedded emissions of these prevalent
lighting components for residential buildings. ICLs rank second in
overall GWP, with 3.74 x 10° tonCO-eq. They account for 24 % of usage
emissions but less than 1 % of production emissions. Their dispropor-
tionate GWPU reflects their high power rating and low luminous effi-
ciency, reinforcing their unsuitability for future lighting scenarios
despite a shrinking market share. FFLs contribute 7.89 x 10* tonCO4eq,
or 5 % of GWPU, while CFLs contribute only 7.99 x 10! tonCO2eq,
representing a negligible share of both GWPP and GWPU (<1% each).
These low values are attributed to the small number of units projected in
the 2030 scenario, resulting from ongoing phase-out policies and con-
sumer preferences shifting toward more efficient and safer alternatives.

These results reinforce the idea that Brazil’s transition to LED
lighting, while beneficial in terms of energy efficiency and lumen-hour
performance, still carries a significant environmental burden due to
the volume of units installed. Therefore, strategies to reduce the
embedded emissions of LED production (e.g., eco-design, material sub-
stitution, recycling) are essential to ensure long-term lower CO2eq
emissions of the lighting sector and to enhance the overall environ-
mental performance of residential buildings.

3.2.4. Overadll analysis

In 2030, the Brazilian residential lighting sector is expected to de-
mand approximately 6.69E+21 solar emergy joules (sej) and 1.91E407
tons of COy-equivalent (tonCOyeq) to meet national illumination needs.

Table 6

Energy & Buildings 350 (2026) 116686

These figures reflect the combined environmental burdens of producing
and using over 608 million lamps, underscoring this essential service’s
substantial resource and climate implications for residential buildings in
Brazil. Despite representing only a small portion of total residential
energy use in terms of electricity (about 2.6 %), lighting continues to
contribute significantly to Brazil’s environmental footprint due to the
vast scale of the sector [6].

The projected technology mix for 2030 is strongly aligned with the
environmental findings of this study: LED lamps are expected to make up
96 % of all lamps used in Brazilian homes, a trajectory consistent with
federal energy efficiency policies such as Portaria Interministerial No.
1.007/2010 [9]. These policies promote the adoption of technologies
with high luminous efficacy and long lifespans, precisely the strengths
that allow LEDs to perform favorably across both emergy and GWP
indicators.

At the national level, LEDs are projected to be responsible for 81 % of
total emergy consumption (EP + EU) and 98 % of GWP during pro-
duction, and 70 % during usage. These values reflect the environmental
cost of their material complexity and manufacturing processes and
highlight their operational superiority in reducing electricity-related
emissions. Despite their dominance, the sheer volume of LED use still
leads to high aggregate impacts, reinforcing the need for production
efficiency and end-of-life management improvements relevant for resi-
dential buildings. In contrast, ICL lamps, though representing only
around 3 % of projected units, contribute 15 % of total emergy demand
and 24 % of GWPU, driven by their high electricity consumption and low
luminous efficiency. This illustrates how inefficient technologies, even
when nearly phased out, can still impose a disproportionate environ-
mental burden if present in the mix.

The findings of this study support current governmental efforts to
accelerate the transition toward LEDs in the residential sector. However,
they also indicate that further reductions in national environmental
burdens depend on addressing upstream LED production challenges and
ensuring the complete phase-out of incandescent lamps. Strategic in-
vestments in cleaner manufacturing, recycling infrastructure, and cir-
cular design for LED products are critical to maximizing environmental
benefits and achieving Brazil’s broader sustainability goals within the
residential building stock.

3.3. Replacement scenarios analysis

The sensitivity analysis considers five scenarios to explore the po-
tential environmental impacts of different lighting technologies within
Brazil’s residential building stock by 2030. The “PROJECTION 2030"
scenario represents the estimated mix of lamp types in Brazilian
households based on the projections developed in this study, serving as a
reference. The ”2030 ALL LED“ scenario assumes that all lighting de-
mand would be met exclusively by LED lamps, representing a complete
transition to the most energy-efficient technology. Only incandescent
lamps are used in the ”2030 ALL ICL“ scenario, simulating a baseline
with the lowest efficiency and highest environmental burden. The 72030
ALL CFL“ scenario models a situation where compact fluorescent lamps
account for all residential lighting, while the 2030 ALL FFL* scenario
considers the exclusive use of fluorescent tube lamps. These last two

Total GWP for production (GWPP), usage (GWPU), and combined (GWPP + GWPU) for total lamps projected for 2030 in Brazil.

Lamp Type Lamp GWPP GWPU GWPP + GWPU
Unit % tonCO2eq % tonCO2eq % tonCOzeq %
(million)
LED 585.40 96 1.76 x 107 98 1.07 x 10° 70 % 1.87 x 107 98
ICL 16.94 3 6.14 x 102 <1 3.73 x 10° 24 % 3.74 x 10° 2
CFL 5.92 1 6.70 x 10* <1 1.28 x 10! <1% 7.99 x 10! <1
FFL 0.001 <1 7.46 x 10% <1 7.82 x 10* 5% 7.89 x 10* <1
Total 608.26 100 1.76 x 107 100 1.52 x 10° 100 % 1.91 x 107 100
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represent intermediate-efficiency technologies still present in the
market.

Fig. 4 presents a comparative analysis of the emergy demand asso-
ciated with production (EP) and usage (EU) for the four lamp technol-
ogies studied, considering different substitution scenarios for 2030. The
EP remains relatively stable across the “2030 Projection” (2.67E+21
sej), “2030 ALL LED” (2.72E+21 sej), and “2030 ALL CFL” (2.06E+21
sej) scenarios, indicating similar emergy requirements for
manufacturing these lamp types. The “2030 ALL ICL” scenario shows the
lowest EP value (1.32E+21 sej), reflecting the simplicity of materials
and production processes involved in ICLs. FFL lamps require slightly
less EP than CFLs (1.90E+21 sej), representing a modest advantage in
this aspect.

EU reveals more pronounced differences among lamp types. The
“2030 ALL LED” scenario stands out with the lowest usage emergy de-
mand (2.94E+21 sej), highlighting the high energy efficiency of this
technology during its operational phase. In contrast, the “2030 ALL ICL”
scenario presents the highest EU demand (3.53E+22 sej) due to the high
electricity consumption associated with incandescent lamps. The “2030
ALL CFL” and “2030 ALL FFL” scenarios also display elevated EU values
(2.06E+22 sej and 2.12E+22 sej, respectively), though still lower than
those of incandescent lamps, indicating that these technologies maintain
substantial impacts during the usage phase.

When considering the total emergy demand (EP + EU), the “2030
ALL LED” scenario exhibits the lowest overall value (5.66E+21 sej),
falling below the original 2030 projection (6.69E+21 sej). This high-
lights the superior resource efficiency of a full LED transition for resi-
dential lighting systems. On the other hand, the scenarios dominated by
CFL and FFL technologies result in significantly higher total emergy
values (2.27E+22 sej and 2.31E+22 sej, respectively), indicating a
substantial increase in emergy demand. The incandescent scenario
yields the highest total emergy demand, reaching 3.66E+22 sej,
underscoring its environmental burden for residential building
applications.

Fig. 5 shows the Global Warming Potential (GWP) associated with
the production (GWPP) and usage (GWPU) phases of different lamp
types, under various substitution scenarios for 2030. Regarding GWPP,
LED and CFL lamps exhibit the highest emissions, with values of
1.82E+07 and 4.08E+07 tonCO2eq, respectively. This is largely due to
the complexity of their components and manufacturing processes. The
FFL scenario also shows significant production-related emissions
(7.67E+04 tonCO2eq), though notably lower than CFLs. In contrast, the
ICLs scenario (2030 ALL ICL) has the lowest production-related GWP
(2.21E+21 tonCO2eq), reflecting its simpler design and fewer raw ma-
terials required.

The pattern is reversed regarding GWPU. LEDs show the lowest GWP
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efficiency. The projection for 2030 is close, at 1.52E+06 tonCOseq. On
the opposite end, FFL and CFL technologies have much higher usage-
related emissions (8.03E+06 and 7.81E+06 tonCOeq, respectively),
followed by ICL lamps at 1.34E+07 tonCO2eq — the highest of all. This
highlights the high energy consumption of ICLs during operation,
despite their low production impact.

Looking at the total GWP (GWPP + GWPU), the “2030 ALL LED”
scenario results in the lowest combined emissions (1.94E+07 ton-
CO9eq), only slightly above the projected energy mix (1.91E+07 ton-
CO2eq). The “2030 ALL ICL” scenario results in a total of approximately
1.34E+407 tonCO9eq, primarily driven by its usage emissions. Mean-
while, CFL and FFL scenarios have significantly higher total GWP values,
at 4.86E+07 and 8.11E+06 tonCOseq, respectively, indicating their
considerable environmental burden when adopted on a national scale.

To facilitate a comparison between potential substitution scenarios
for residential lighting in 2030, Table 7 presents the normalized results
of emergy demand (EP + EU) and Global Warming Potential (GWPP +
GWPU) relative to the “Projection 2030 baseline (set as 1.00). While
absolute values for emergy and GWP were previously discussed, this
normalization enables a clearer interpretation of how different tech-
nologies perform relative to the expected national lighting demand
profile.

Among the evaluated scenarios, replacing the projected 2030 lamp
mix entirely with LED lamps results in the most favorable emergy
outcome, with a normalized index of 0.85, indicating a 15 % reduction
in total emergy demand relative to the baseline. This outcome stems
from the fact that, although LED lamps require more emergy per unit for
manufacturing, their widespread adoption results in more efficient en-
ergy use during operation, minimizing the overall emergy burden at
scale. The “2030 ALL LED” scenario confirms LED technology’s envi-
ronmental superiority at scale, supporting continued policy emphasis on
LED adoption while highlighting opportunities for further improve-
ments through production efficiency gains.

In contrast, scenarios where the entire residential lighting stock is
replaced with ICL, CFL, or FFL lamps lead to significantly higher emergy
demands: 5.47, 3.38, and 3.45 times the baseline, respectively. These
increases are directly attributed to the greater emergy required to sup-
port national-level lighting services with less efficient technologies,
especially during the usage phase. In these scenarios, the combined
impact of increased production and operational energy consumption
amplifies the total environmental load, confirming that such sub-
stitutions are environmentally disadvantageous under a full-market
replacement model. The ICL persistence scenario is particularly con-
cerning, as continued ICL use would increase emergy demand 5.47-fold,
demonstrating the critical importance of complete phase-out of this
inefficient technology. Therefore, from an emergy perspective, LED

during use (1.12E+06 tonCOzeq), confirming their superior energy lamps offer the most sustainable alternative for nationwide
1.00E+23 —
F 3.53E+22
I e 2.06E+22 2.12E+22
N 4.02E421 132€+21
= TO0E E 2.676421 \ 2.06E+21 1.90E+21
8 F | 2.72E+21 \
= [ | . \ N, \\
20 r ‘ \ N \
S > b
b
1.00E+21 +
1.00E+20
PROJECTION 2030  2030ALL LED 2030ALL ICL 2030 ALL CFL 2030 ALL FFL
OEmergy for production (EP) m Emergy for usage (EU)

Fig. 4. Scenario Analysis of Emergy Demand for Different Lamp Types in Brazil’s 2030 Energy Mix (log scale). Data from Supplementary Material.
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Fig. 5. Scenario Analysis of Greenhouse Gas Emissions for 2030, Based on Different Lamp Types in Brazil’s Projected Energy Mix (log scale). Data from Supple-

mentary Material.

Table 7
Normalized Emergy and GWP for 2030 Lighting Substitution Scenarios (Pro-
jection 2030 = 1.00).

Lamp type EP + EU Normalization =~ GWPP + GWPU Normalization
(sej) (kgCO2eq)
Projection 6.69E+21  1.00 1.91E+07 1.00
2030
2030 All 5.66E+21 0.85 1.94E+07 1.02
LED
2030 AILICL  3.66E+22  5.47 1.34E+07 0.70
2030 AlICFL  2.26E+22  3.38 4.86E+07 2.54
2030 All FFL 2.31E+22 3.45 8.11E+06 0.42
implementation.

From the GWP perspective, the LED scenario results in a 2 % increase
relative to the baseline. This small rise is primarily due to the carbon
intensity of LED manufacturing, which outweighs gains in operational
efficiency at the national scale. However, this trade-off is acceptable
given the benefits of long-term emission mitigation and energy savings.
Conversely, replacing all lamps with ICLs leads to a 30 % reduction in
total GWP compared to the baseline scenario. This is explained by the
relatively low emissions associated with ICL manufacturing. However,
this result should be interpreted with caution. The large-scale adoption
of ICLs would require significantly more energy for operation, ulti-
mately increasing electricity-related emissions. As such, the lower total
GWP in this scenario does not necessarily reflect a better environmental
outcome.

CFLs exhibit the worst climate performance, with a 154 % increase in
total GWP, largely due to high emissions from electronics and ballast
components during production. This increase highlights the environ-
mental risks of heavy CFL reliance and emphasizes the importance of
direct LED transition rather than intermediate CFL adoption strategies.
The FFL scenario yields the lowest total GWP (42 % of the baseline),
attributed to comparatively lower production emissions and favorable
performance during the usage phase. While environmentally superior in
climate terms, FFL mercury content would create significant regulatory
barriers that limit deployment potential, constraining their practical
application despite favorable environmental performance.

These results emphasize a consistent ranking across emergy and
GWP indicators: LEDs represent the most balanced and scalable option
due to their superior operational efficiency and absence of hazardous
materials. At the same time, CFLs and especially ICLs exhibit unfavor-
able outcomes under national substitution scenarios. The scenario
analysis reveals significant environmental risks of policy failure or
technology regression, supporting several strategic recommendations:
(1) accelerated LED transition through maintained aggressive LED
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promotion policies; (2) production efficiency focus by prioritizing LED
manufacturing improvements over alternative technology development;
(3) complete ICL elimination to ensure phase-out of incandescent tech-
nology; and (4) circular economy preparation through development of
infrastructure for eventual LED end-of-life management.

This normalized dual-indicator analysis reinforces the strategic value
of LED lamps as the most viable technology for Brazil’s residential
lighting sector in 2030. LEDs align with public energy efficiency policies
such as Portaria Interministerial 1.007/2010, offer strong trade-offs
between production impact and usage-phase performance, and present
a feasible pathway for large-scale implementation within residential
buildings. It is also important to acknowledge that this study did not
account for disposal and end-of-life stages, which could further influ-
ence the environmental hierarchy among lamp types. Future policies
should not only support LED adoption but also advance improvements in
recycling infrastructure and cleaner production processes to enhance the
sustainability of the transition for the built environment.

To reinforce the importance of this study, the results obtained here
are compared with projections from the National Energy Plan 2030
(PNE 2030), which provides long-term planning for the Brazilian energy
sector. Scenario A from the PNE, the most optimistic projection, esti-
mated a population of 238.55 million in 2030, while this study used
228.26 million: a 4 % difference. The number of households projected in
this study (93.90 million) exceeds the PNE’s estimate (81.83 million) by
15 %, indicating faster urbanization and housing development than
anticipated, and thus a larger demand for lighting solutions within
residential units. This study projects an average of 6.5 lamps per
inhabitant, whereas the PNE assumed 8.86 lamps per household.
Regarding electricity consumption for lighting, the PNE projected 27.23
TWh annually, while this study estimates 7.59 TWh, a 72 % reduction.

The comparison with PNE 2030 and the environmental assessment
conducted in this study suggests that LEDs represent the most environ-
mentally balanced option for Brazil’s residential lighting sector. As en-
ergy efficiency policies evolve and technology adoption accelerates,
projections such as those in the PNE must be revised to better guide
policy decisions and infrastructure planning for the residential building
stock. In this context, LED lamps are technologically superior and most
aligned with Brazil’s sustainability goals.

4. Concluding remarks

This study presents the first application of dual-indicator environ-
mental assessment combining emergy synthesis and Global Warming
Potential for lighting technology evaluation in the Brazilian residential
context. The integration of donor-side (emergy) and impact-side (Global
Warming Potential) perspectives provides a more holistic understanding
of environmental impacts, offering unique insights into the total
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resource cost of lighting service delivery.

This methodological approach offers international applicability,
particularly for emerging economies with similar renewable energy
matrices. The main conclusions of this study are:

a) Performance per functional unit: The analysis reveals that FFL lamps
demonstrate superior environmental performance per lumen-hour,
achieving 33 % lower emergy demand and 93 % lower GWP than
LEDs. However, considering the mercury composition of FFLs and
the end-of-life impacts not quantified in this study, LEDs offer the
optimal balance between production complexity and operational
efficiency for large-scale deployment.

National projections for 2030: Brazil’s projected lighting demand for
2030 will require 6.69E+21 sej and generate 1.91E4+07 tonCOqeq.
The “2030 ALL LED” scenario presents the lowest total emergy de-
mand (5.66E+21 sej), demonstrating that complete LED transition
would result in 15 % emergy reduction compared to the projected
mixed scenario. LEDs emerge as the most viable long-term solution
for Brazilian residential lighting, offering scalability and balanced
environmental performance.

b

-

The main limitations include dependence on secondary data from
non-Brazilian contexts, exclusion of disposal phases (particularly rele-
vant for mercury-containing lamps), and temporal constraints in pro-
jections that may not capture disruptive technological developments.

This analysis highlights three priorities for future research di-
rections: (1) primary data collection for the Brazilian context, including
material flows and energy consumption specific to national
manufacturing; (2) assessment of disposal phases, incorporating
collection infrastructure, recycling processes, and hazardous material
management; and (3) integration of circular design principles, exploring
material recovery potential, remanufacturing opportunities, and design
for disassembly approaches specific to lighting technologies.

This research establishes that lighting transitions require multi-
indicator environmental assessment and strategic policy intervention.
The dual-indicator methodology provides a robust analytical framework
to support these transitions globally, while the Brazilian case demon-
strates the effectiveness of regulatory policies in emerging economies,
offering strategic lessons for international energy efficiency initiatives.
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