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Life cycle assessment of emerging technologies:
Evaluation techniques at different stages of market and
technical maturity

Joule A. Bergerson, Adam Brandt, Joe Cresko, Michael Carbajales-Dale,
Heather L. MacLean, H. Scott Matthews, Sean McCoy, Marcelle McManus,
Shelie A. Miller, William R. Morrow lll, I. Daniel Posen, Thomas Seager,
Timothy Skone, Sylvia Sleep

Keywords: early stage technology assessment, environmental impacts,
industrial ecology, life cycle assessment (LCA), research and development
(R&D), unintended consequences

Summary:

Life cycle assessment (LCA) analysts are increasingly being asked to conduct life cycle-
based systems level analysis at the earliest stages of technology development. While early
assessments provide the greatest opportunity to influence design and ultimately
environmental performance, it is the stage with the least available data, greatest
uncertainty, and a paucity of analytic tools for addressing these challenges. While the
fundamental approach to conducting an LCA of emerging technologies is akin to that of
LCA of existing technologies, emerging technologies pose additional challenges. In this
paper, we present a broad set of market and technology characteristics that typically
influence an LCA of emerging technologies and identify questions that researchers must
address to account for the most important aspects of the systems they are studying. The
paper presents: (a) guidance to identify the specific technology characteristics and
dynamic market context that are most relevant and unique to a particular study, (b) an
overview of the challenges faced by early stage assessments that are unique because of
these conditions, (c) questions that researchers should ask themselves for such a study
to be conducted, and (d) illustrative examples from the transportation sector to
demonstrate the factors to consider when conducting LCAs of emerging technologies. The
paper is intended to be used as an organizing platform to synthesize existing methods,
procedures and insights and guide researchers, analysts and technology developer to
better recognize key study design elements and to manage expectations of study
outcomes.
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LiSET: A framework for early-stage life cycle screening of
emerging technologies

Christine Roxanne Hung, Linda Ager-Wick Ellingsen, Guillaume Majeau-
Bettez

Keywords: emerging technology, environmental screening, Life Cycle
Screening of Emerging Technologies, LiSET, matrix LCA, streamlined LCA

Summary:

While life cycle assessment (LCA) is a tool often used to evaluate the environmental
impacts of products and technologies, the amount of data required to perform such
studies make the evaluation of emerging technologies using the conventional LCA
approach challenging. The development paradox is such that the inputs from a
comprehensive environmental assessment has the greatest effect early in the
development phase, and yet the data required to perform such an assessment are
generally lacking until it is too late. Previous attempts to formalize strategies for
performing streamlined or screening LCAs were made in the late 1990s and early
2000s, mostly to rapidly compare the environmental performance of product design
candidates. These strategies lack the transparency and consistency required for the
environmental screening of large numbers of early-development candidates, for
which data are even sparser. We propose the Lifecycle Screening of Emerging
Technologies method (LiSET). LiSET is an adaptable screening-to-LCA method that
uses the available data to systematically and transparently evaluate the
environmental performance of technologies at low readiness levels. Iterations follow
technological development and allow a progression to a full LCA if desired. In early
iterations, LiSET presents results in a matrix structure combined with a “traffic light”
color grading system. This format inherently communicates the high uncertainty of
analysis at this stage and presents numerous environmental aspects assessed. LiSET
takes advantage of a decomposition analysis and data not traditionally used in LCAs
to gain insight to the life cycle impacts and ensure that the most environmentally
sustainable technologies are adopted.



I FOREIGN LANGUAGE ABSTRACTS

Rk EBZFH )

2020 4F, #2445 1
http://dx.doi.org/10.1111/jiec.12825

SHERBANEE FBN: ERTEE A AP ERRE SRS
PR R

VB3 . Angelica Mendoza Beltran, Brian Cox, Chris Mutel, Detlef P. van
Vuuren, David Font Vivanco, Sebastiaan Deetman, Oreane Y. Edelenbosch,
Jeroen Guinée, Arnold Tukker

K HRAL, WRREBATENE, PlASY, Garras
o A IR, ATBEPELCA

FHE:

AT BE A i & A (LCA) 75 A HE 5 A& R A A IR B 1) B R AN 5 1
PLSZREX AR AT A AR B R VAL . A T — R
Tk, BT A TVHEET (TAM) , Bl IMAGE 57, R Guth 4 mrlE 14 LCA
11 i fE, HAEH ecoinvent v3. 3 7E4=aw & HATE #L R PEA5 K B IMAGE
F— BBk IE R . N T IR — v, A SCEXT I BRILIR 4= (ICEV) Fi
SNV ZE (BY) AT FIRTHETE LCA A, XA 7 H JEB1], R THRE
2050 £E 1) 6 MR Z SRR = ZZBIF R, B RN
AT AR RIS R e . hAh, ET IR R R
TCEV [ AH % P53 P B it B 18] () 4 8 L ARG E R B IR 22 M2 1 . i
AR R = A AN 8 PEARBILAE P2 (V. B TCEV) « 52m 25 LA & By
2 RS S AR AN R R o JEX M iE Y R B ) S AR A
IR 2 MO AR TFT] L DA E R B S5 S B0 AN S 1 AR
RGN N IR, AT DASEE 3 X BRI R I AT AE : LCA. 1 TAM 15
S ORAN IR B R GURN S5 R Ak B A SR AT B T 25 FE R R (RN e
FEIEBR P NEHR LCA T A S R G IR [A] — S0

Journal of Industrial Ecology

2020, Vol. 24, Issue 1
http://dx.doi.org/10.1111/jiec.12825

When the background matters: Using scenarios from
integrated assessment models in prospective life cycle
assessment

Angelica Mendoza Beltran, Brian Cox, Chris Mutel, Detlef P. van Vuuren,
David Font Vivanco, Sebastiaan Deetman, Oreane Y. Edelenbosch, Jeroen
Guinée, Arnold Tukker

Keywords: background changes, epistemological uncertainty, industrial
ecology, integrated assessment models, life cycle assessment, prospective
LCA

Summary:

Prospective life cycle assessment (LCA) needs to deal with the large epistemological
uncertainty about the future to support more robust future environmental impact
assessments of technologies. This study proposes a novel approach that systematically
changes the background processes in a prospective LCA based on scenarios of an
integrated assessment model (IAM), the IMAGE model. Consistent worldwide scenarios
from IMAGE are evaluated in the life cycle inventory using ecoinvent v3.3. To test the
approach, only the electricity sector was changed in a prospective LCA of an internal
combustion engine vehicle (ICEV) and an electric vehicle (EV) using six baseline and
mitigation climate scenarios until 2050. This case study shows that changes in the
electricity background can be very important for the environmental impacts of EV. Also,
the approach demonstrates that the relative environmental performance of EV and ICEV
over time is more complex and multifaceted than previously assumed. Uncertainty due
to future developments manifests in different impacts depending on the product (EV or
ICEV), the impact category, and the scenario and year considered. More robust
prospective LCAs can be achieved, particularly for emerging technologies, by expanding
this approach to other economic sectors beyond electricity background changes and
mobility applications as well as by including uncertainty and changes in foreground
parameters. A more systematic and structured composition of future inventory databases
driven by IAM scenarios helps to acknowledge epistemological uncertainty and to
increase the temporal consistency of foreground and background systems in LCAs of
emerging technologies.
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Prospective environmental analyses of emerging
technology: A critique, a proposed methodology, and a
case study on incremental sheet forming

Daniel R. Cooper, Timothy G. Gutowski

Keywords: anticipatory environmental analysis, emerging technology,
incremental sheet forming, industrial ecology, prospective environmental
analysis, sustainable technology

Summary:

Prospective environmental assessment of emerging technology is necessary in order
to inform designers of beneficial changes early in a technology's development, and
policy makers looking to fund projects and nudge manufacturers toward the most
sustainable application of a technology. Existing analyses often have shortcomings
such as failing to consider the environmental impacts in all stages of a product's life
cycle; implicitly assuming that the emerging technology will be cost-effective
wherever it is technically viable; and assuming optimistic application scenarios that
discontinue long-established trends in human behavior. In this article, we propose a
new approach, complementary to the prospective and anticipatory life cycle
assessment literature, addressing the above concerns and attempting to make sense
of the large uncertainties inherent in such analyses by using distributions to model
all the inputs. The paper focuses on emerging manufacturing technologies, such as
incremental sheet forming (ISF), but the issues examined are also applicable to new
end-use products, such as autonomous vehicles. This paper makes use of approaches
(such as Bass modeling and product cannibalization considerations) familiar to those
in the business community who anticipate market diffusion of a new technology and
the effect on existing technology sales. The proposed methodology is demonstrated
by estimating the potential environmental impacts in the U.S. car industry by 2030
of an emerging double-sided ISF process. Energy and cost models of ISF and drawing
are used to estimate potential mean savings of around 100 TJprimary and 60 million
U.S. dollars per year by 2030.
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Life cycle assessment of emerging technologies: A review

Sheikh Moniruzzaman Moni, Roksana Mahmud, Karen High, Michael
Carbajales-Dale

Keywords: emerging technology, ex ante LCA, industrial ecology, life cycle
assessment (LCA), technoeconomic analysis (TEA), technology readiness
level (TRL)

Summary:

In recent literature, prospective application of life cycle assessment (LCA) at low
technology readiness levels (TRL) has gained immense interest for its potential
to enable development of emerging technologies with improved environmental
performances. However, limited data, uncertain functionality, scale up issues
and uncertainties make it very challenging for the standard LCA guidelines to
evaluate emerging technologies and requires methodological advances in the
current LCA framework. In this paper, we review published literature to identify
major methodological challenges and key research efforts to resolve these issues
with a focus on recent developments in five major areas: cross-study
comparability, data availability and quality, scale-up issues, uncertainty and
uncertainty communication, and assessment time. We also provide a number of
recommendations for future research to support the evaluation of emerging
technologies at low technology readiness levels: (a) the development of a
consistent framework and reporting methods for LCA of emerging technologies;
(b) the integration of other tools with LCA, such as multicriteria decision analysis,
risk analysis, technoeconomic analysis; and (c) the development of a data
repository for emerging materials, processes, and technologies.
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Understanding the future of lithium: Part 1, resource model
Hanjiro Ambrose, Alissa Kendall

Keywords: critical materials, dynamic modeling, industrial ecology, life cycle
assessment (LCA), lithium ion batteries, resource depletion

Summary:

Lithium is a critical energy material in part due to an array of emerging
technologies from electric vehicles to renewable energy systems that rely on
large-format lithium ion batteries. Recent growth in demand for lithium is
primarily from increased use in batteries, which comprised 46% of total lithium
by end use in 2017. These technologies are often deployed to improve
environmental sustainability, yet the environmental effects and sustainability of
the resources they rely on are often not well understood, especially as demand
increases over time.

This is the first in a two part article series that together quantify the lithium
resource use and its environmental effects over time by coupling a resource
production model and life cycle assessment model. In this first part, a novel
resource production model is developed to create scenarios of future lithium
demand and production characteristics (e.g., timing, location, and ore type).
These scenarios are then used to create a life cycle assessment in part two that
captures temporal and spatial changes in production systems over time.

Results of the resource production model show global lithium resources range
from 293 to 527 million metric tons (Mt) of lithium carbonate equivalent (LCE).
Global production will likely increase from 237,000 metric tons LCE in 2018 to
4.4-7.5 Mt LCE/year by 2100. Even with rapidly increasing demand, production
from high-grade brines may satisfy most lithium demand through 2035. Though
resources can meet demand through 2100, development of lower grade and
unfavorable deposits is likely required after 2050.
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Understanding the future of lithium: Part 2, temporally and
spatially resolved life-cycle assessment modeling

Hanjiro Ambrose, Alissa Kendall

Keywords: batteries, dynamic modeling, electric vehicles, life-cycle
assessment (LCA), resource depletion, technology and environment

Summary:

An array of emerging technologies, from electric vehicles to renewable energy
systems, relies on large-format lithium ion batteries (LIBs). LIBs are a critical
enabler of clean energy technologies commonly associated with air pollution and
greenhouse gas mitigation strategies. However, LIBs require lithium, and
expanding the supply of lithium requires new lithium production capacity, which,
in turn, changes the environmental impacts associated with lithium production
since different resource types and ore qualities will be exploited. A question of
interest is whether this will lead to significant changes in the environmental
impacts of primary lithium over time. Part one of this two-part article series
describes the development of a novel resource production model that predicts
future lithium demand and production characteristics (e.g., timing, location, and
ore type). In this article, part two, the forecast is coupled with anticipatory life-
cycle assessment (LCA) modeling to estimate the environmental impacts of
producing battery-grade lithium carbonate equivalent (LCE) each year between
2018 and 2100.

The result is a normalized life-cycle impact intensity for LCE that reflects the
changing resource type, quantity, and region of production. Sustained growth in
lithium demands through 2100 necessitates extraction of lower grade resources
and mineral deposits, especially after 2050. Despite the reliance on lower grade
resources and differences in impact intensity for LCE production from each
deposit, the LCA results show only small to modest increases in impact, for
example, carbon intensity increases from 3.2 kg CO2e/kg LCE in 2020 to 3.3 kg
CO2e/kg LCE in 2100.
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Life cycle assessment of emerging environmental
technologies in the early stage of development: A case
study on nanostructured materials

Irene Bartolozzi, Tiberio Daddi, Carlo Punta, Andrea Fiorati, Fabio

Iraldo

Keywords: cellulose nanosponges, eco-design, life cycle assessment,
nanotechnologies, prospective LCA, scale-up

Summary:

The use of nanostructured materials has been recently proposed in the field of
environmental nanoremediation. This approach consists in using nanomaterials not
directly, but as building blocks for the design of nano-porous micro-dimensional
systems, overcoming the eco- and health-toxicology risks generally associated with
the use of nano-sized technologies. Herein we report the use of life cycle assessment
(LCA) as an eco-design tool for optimizing the production of cellulose nanosponges
(CNS), nanostructured materials recently developed for water remediation purposes.
LCA was applied from the acquisition of raw materials to the synthesis of CNS (from
cradle-to-gate), considering three production systems, from the lab-level to a
modeled scale-up system. The lab-scale LCA identified the main environmental
hotspots, namely the energy-consuming steps and the final purification of the
material (washing step). In a second lab-scale production, an improvement action
could be implemented, switching the washing solvent from methanol to water and
decreasing the washing temperature. A second LCA showed a reduced contribution
to the impacts from the materials, while the global impacts remained within the
same order of magnitude. A simulated scale-up of the process allowed to optimize
the energy-consuming steps and the water consumption, through internal recycling.
A third LCA assessed the resulting benefits and a decrease in the global impacts by
two orders of magnitude. Our study contributes to the discussion of LCA community,
providing a focus on the importance of scaling-up of emerging technologies, namely
nanostructured porous materials, highlighting the benefits of a LCA based approach
since the very beginning of product design (eco-design).
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Life cycle assessment of 3D printing geo-polymer
concrete: An ex-ante study

Yue Yao, Mingming Hu, Francesco Di Maio, Stefano Cucurachi

Keywords: 3D printing, concrete, emerging technologies, ex-ante, LCA, geo-
polymer, industrial ecology

Summary:

Three-dimensional (3D) printing and geo-polymers are two environmentally oriented
innovations in concrete manufacturing. The 3D printing of concrete components aims to
reduce raw material consumption and waste generation. Geo-polymer is being developed
to replace ordinary Portland cement and reduce the carbon footprint of the binder in the
concrete. The environmental performance of the combined use of the two innovations is
evaluated through an ex-ante life cycle assessment (LCA). First, an attributional LCA was
implemented, using data collected from the manufacturer to identify the hotspots for
environmental improvements. Then, scaled-up scenarios were built in collaboration with
the company stakeholder. These scenarios were compared with the existing production
system to understand the potential advantages/disadvantages of the innovative system
and to identify the potential directions for improvement.

The results indicate that 3D printing can potentially lead to waste reduction. However,
depending on its recipe, geo-polymer likely has higher environmental impacts than
ordinary concrete. The ex-ante LCA suggests that after step-by-step improvements in the
production and transportation of raw materials, 3D printing geo-polymer concrete is able
to reduce the carbon footprint of concrete components, while it does still perform worse
on impact categories, such as depletion of abiotic resources and stratospheric ozone
depletion. We found that the most effective way to lower the environmental impacts of
3D concrete is to reduce silicate in the recipe of the geo-polymer. This approach is,
however, challenging to realize by the company due to the locked-in effect of the previous
innovation investment. The case study shows that to support technological innovation
ex-ante LCA has to be implemented as early as possible in innovation to allow for
maintaining technical flexibility and improving on the identified hotspots.
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Economic assessment and carbon footprint of recycling
rare earths from magnets: Evaluation at lab scale paving
the way toward industrialization

Antoine Beylot, Nour-Eddine Ménad, Alain Seron, Michel Delain, Alice
Bizouard, Yannick Ménard, Jacques Villeneuve

Keywords: climate change, economic assessment, life cycle assessment
(LCA), rare earths, recycling, uncertainty analysis

Summary:

Project EXTRADE developed an innovative process for recycling rare earths (RE)
from permanent magnets used in small applications. To assess the potential of
further research from lab scale toward industrialization, this study performs
economic and environmental evaluations. Because data are incomplete at
current levels of process development, this study propagates uncertainty into
the results. Results show that the EXTRADE process, as a complement to the Hard
Disk Drive (HDD) waste management system currently in operation in France,
could be both economically profitable and beneficial in terms of climate change.
However, at this stage of development the price of output products is a key
determinant of the economic profitability while still particularly uncertain. Also,
the EXTRADE process may offer a climate change benefit due to the substitution
of recycled RE oxides for those produced from primary resources (80% chance to
be superior to 990 tonnes CO2-eq over 5 years). The amount of the waste
recycled is another key, uncertain parameter regarding both the environmental
and economic benefits provided by the process.
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Life cycle assessment to quantify the impact of technology
improvements in bike-sharing systems

Ricardo Javier Bonilla-Alicea, Bryan C. Watson, Ziheng Shen, Laura Tamayo,
Cassandra Telenko

Keywords: electrical and electronic equipment (EEE), life cycle assessment
(LCA), product service systems (PSS), smart bike sharing, transportation,
technological change and innovation

Summary:

The reduced environmental footprint of bicycle sharing systems (BSS) is one of
the reasons for their rapid growth in popularity. BSS have evolved
technologically, transitioning from smart dock systems to smart bicycle systems,
and it is not clear if the increased use of electronics in BSS results in a net
environmental benefit. This article provides an evaluation of the impact of
incorporating additional technology into BSS and uses that analysis as guidance
for future BSS development. By comparing the impacts of a private bicycle, a
smart dock BSS, and smart bike BSS using a life cycle assessment (LCA), this work
reveals breakeven points and tradeoffs between the technologies. This study is
also the first published empirical LCA of a smart bike known to the authors. In
the production phase, smart bikes generate approximately three times the
amount of greenhouse gas (GHG) emissions compared to the smart dock bikes
per kilometer ridden over the lifetime, and when considering the endpoint
categories of human health, ecosystem, and resources, smart bikes have
approximately 2.7 times the environmental impact. The results suggest that
shifting from smart dock to smart bike requires an increase in ridership by a
factor of 1.8 to overcome the increased environmental impact based on the GHG
emissions. We find that smart docks become preferable at a population density
between 1,030 residents/km2 (in a bike friendly city) and 3,100 residents/km2
(in a city that is less likely to bike).
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Life cycle sustainability assessment of autonomous heavy-
duty trucks

Burak Sen, Murat Kucukvar, Nuri C. Onat, Omer Tatari

Keywords: hybrid input—output analysis, industrial ecology, life cycle
sustainability assessment (LCSA), sustainable freight transportation,
connected automated trucks

Summary:

Connected and automated vehicles (CAVs) are emerging technologies expected to
bring important environmental, social, and economic improvements in
transportation systems. Given their implications in terms of air quality and
sustainable and safer movement of goods, heavy-duty trucks (HDTs), carrying the
majority of U.S. freight, are considered an ideal domain for the application of CAV
technology. An input—output (I0) model is developed based on the Eora database—
a detailed |0 database that consists of national 10 tables, covering almost the entire
global economy. Using the Eora-based 10 model, this study quantifies and assesses
the environmental, economic, and social impacts of automated diesel and battery
electric HDTs based on 20 macro-level indicators. The life cycle sustainability
performances of these HDTs are then compared to that of a conventional diesel HDT.
The study finds an automated diesel HDT to cause 18% more fatalities than an
automated electric HDT. The global warming potential (GWP) of automated diesel
HDTs is estimated to be 4.7 thousand metric tons CO2-eq. higher than that of
automated electric HDTs. The health impact costs resulting from an automated diesel
HDT are two times higher than that of an automated electric HDT. Overall, the results
also show that automation brings important improvements to the selected
sustainability indicators of HDTs such as global warming potential, life cycle cost,
GDP, decrease in import, and increase in income. The findings also show that there
are significant trade-offs particularly between mineral and fossil resource losses and
environmental gains, which are likely to complicate decision-making processes
regarding the further development and commercialization of the technology.
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Technoecological analysis of energy carriers for long-haul
transportation

Sebastian Wolff, Michael Fries, Markus Lienkamp

Keywords: GHG Emissions, industrial ecology, infrastructure, long-haul
transportation, vehicle simulation, well to wheel

Summary:

Long-haul transportation demand is predicted to increase in the future, resulting
in higher carbon dioxide emissions. Different drivetrain technologies, such as
hybrid or battery electric vehicles, electrified roads, liquefied natural gas and
hydrogen, might offer solutions to this problem. To assess their ecological and
economic impact, these concepts were simulated including a weight and cost
model to estimate the total cost of ownership. An evolutionary algorithm
optimizes each vehicle to find a concept specific optimal solution. A model
calculates the minimum investment in infrastructure required to meet the
energy demand for each concept. A well-to-wheel analysis takes into account
upstream and on-road carbon dioxide emissions, to compare fully electric
vehicles with conventional combustion engines. Investment in new
infrastructure is the biggest drawback of electrified road concepts, although they
offer low CO2 emissions. The diesel hybrid is the best compromise between
carbon reduction and costs.
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Using anticipatory life cycle assessment to enable future
sustainable construction

Verena Goswein, Carla Rodrigues, José D. Silvestre, Fausto Freire,
Guillaume Habert, Jakob Konig

Keywords: anticipatory life cycle assessment (a-LCA), ecodesign,
environmental assessment, external wall, foresight, industrial ecology

Summary:

The built environment is the largest single emitter of CO2 and an important
consumer of energy. Much research has gone into the improved efficiency of
building operation and construction products. Life Cycle Assessment (LCA) is
commonly used to assess existing buildings or building products. Classic LCA,
however, is not suited for evaluating the environmental performance of
developing technologies. A new approach, anticipatory LCA (a-LCA), promises
various advantages and can be used as a design constraint during the product
development stage. It helps overcome four challenges: (i) data availability, (ii)
stakeholder inclusion, (iii) risk assessment, and (iv) multi-criteria problems. This
article's contribution to the line of research is twofold: first, it adapts the a-LCA
approach for construction-specific purposes in theoretical terms for the four
challenges. Second, it applies the method to an innovative prefabricated modular
envelope system, the CleanTechBlock (CTB), focusing on challenge (i). Thirty-six
CTB designs are tested and compared to conventional walls. Inclusion of
technology foresight is achieved through structured scenario analysis. Moreover,
challenge (iv) is tackled through the analysis of different environmental impact
categories, transport-related impacts, and thickness of the wall assemblies of the
CTB. The case study results show that optimized material choice and product
design is needed to reach the lowest environmental impact. Methodological
findings highlight the importance of context-specific solutions and the need for
benchmarking new products.
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Life cycle assessment of emerging technologies at the lab
scale: The case of nanowire-based solar cells

Georgios Pallas, Martina G. Vijver, Willie J. G. M. Peijnenburg, Jeroen
Guinée

Keywords: industrial ecology, life cycle assessment (LCA), life cycle
inventory (LCI), nanotechnology, photovoltaic, sustainability

Summary:

Nanomaterials are expected to play an important role in the development of
sustainable products. The use of nanomaterials in solar cells has the potential to
increase their conversion efficiency. In this study, we performed a life cycle
assessment (LCA) for an emerging nanowire-based solar technology. Two lab-
scale manufacturing routes for the production of nanowire-based solar cells have
been compared—the direct growth of GalnP nanowires on silicon substrate and
the growth of InP nanowires on native substrate, peel off, and transfer to silicon
substrate. The analysis revealed critical raw materials and processes of the
current lab-scale manufacturing routes such as the use of trifluoromethane
(CHF3), gold, and an InP wafer and a stamp, which are used and discarded. The
environmental performance of the two production routes under different
scenarios has been assessed. The scenarios include the use of an alternative
process to reduce the gold requirements—electroplating instead of
metallization, recovery of gold, and reuse of the InP wafer and the stamp. A
number of suggestions, based on the LCA results—including minimization of the
use of gold and further exploration for upscaling of the electroplating process,
the increase in the lifetimes of the wafer and the stamp, and the use of fluorine-
free etching materials—have been communicated to the researchers in order to
improve the environmental performance of the technology. Finally, the
usefulness and limitations of lab-scale LCA as a tool to guide the sustainable
development of emerging technologies are discussed.
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Environmental impacts and limitations of third-generation
biobutanol: Life cycle assessment of n-butanol produced
by genetically engineered cyanobacteria

Astrid Nilsson, Kiyan Shabestary, Miguel Brandao, Elton P. Hudson

Keywords: biofuel, butanol, cyanobacteria, industrial ecology, LCA,
metabolic engineering

Summary:

Photosynthetic cyanobacteria have attracted interest as production organisms
for third-generation biofuels, where sunlight and CO2 are used by microbes
directly to synthesize fuel molecules. A particularly suitable biofuel is n-butanol,
and there have been several laboratory reports of genetically engineered
photosynthetic cyanobacteria capable of synthesizing and secreting n-butanol.
This work evaluates the environmental impacts and cumulative energy demand
(CED) of cyanobacteria-produced n-butanol through a cradle-to-grave
consequential life cycle assessment (LCA). A hypothetical production plant in
northern Sweden (area 1 ha, producing 5-85 m3 n-butanol per year) was
considered, and a range of cultivation formats and cellular productivity scenarios
assessed. Depending on the scenario, greenhouse gas emissions (GHGe) ranged
from 16.9 to 58.6 gCO2eq/MJBUOH and the CED from 3.8 to 13 MJ/MJBUOH.
Only with the assumption of a nearby paper mill to supply waste sources for heat
and CO2 was the sustainability requirement of at least 60% GHGe savings
compared to fossil fuels reached, though placement in northern Sweden reduced
energy needed for reactor cooling. A high CED in all scenarios shows that
significant metabolic engineering is necessary, such as a carbon partitioning of
>90% to n-butanol, as well as improved light utilization, to begin to displace fossil
fuels or even first- and second-generation bioethanol.
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A region-specific environmental analysis of technology
implementation of hydrogen energy in Japan based on life
cycle assessment

Teruyuki Shimizu, Kei Hasegawa, Manabu lhara, Yasunori Kikuchi

Keywords: fuel cell vehicle, hydrogen energy system, industrial ecolog,y life
cycle impact assessment method based on endpoint modeling (LIME),
region-specific characteristics, urban employment area

Summary:

Energy systems using renewables with adequate energy carriers are needed for
sustainability. Before accelerating technology implementation for the transition to
the new energy system, region-specific implementation effects should be carefully
examined as a system. In this study, we aim to analyze an energy system using
hydrogen as an energy carrier with the approach of combining life cycle assessment
and a regional energy simulation model. The model calculates the emissions, such as
CO2, nitrogen oxides (NOx), sulfur oxides (SOx), and volatile organic compounds, and
their impacts on human health, social assets, primary production, and an integrated
index. The analysis quantitatively presented various environmental impacts by
region, life cycle stage, and impact category. Climate change was dominant on the
integrated index while the other impact categories were also important. Fuel cell
vehicles were effective in mitigating local air pollution, especially in high-population
regions where many people are adversely affected. Although technology
implementation contributes to mitigating environmental impacts at locations of
energy users, it also has possibilities to have negative impacts at locations of device
manufacturing and raw material processing. The definition of the regional division
was also an important factor in energy system design because the final results of life
cycle assessments are highly sensitive to region-specific characteristics. The
proposed region-specific analysis is expected to support local governments and
technology developers in designing appropriate energy systems for regions and
building marketing plans for specific targets.
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Summary:

Greenhouse vegetable production plays a vital role in providing year-round fresh
vegetables to global markets, achieving higher yields, and using less water than
open-field systems, but at the expense of increased energy demand. This study
examines the life cycle environmental and economic impacts of integrating
semitransparent organic photovoltaics (OPVs) into greenhouse designs. We
employ life cycle assessment to analyze six environmental impacts associated
with producing greenhouse-grown tomatoes in a Solar PoweRed INtegrated
Greenhouse (SPRING) compared to conventional greenhouses with and without
an adjacent solar photovoltaic array, across three distinct locations. The SPRING
design produces significant reductions in environmental impacts, particularly in
regions with high solar insolation and electricity-intensive energy demands. For
example, in Arizona, global warming potential values for a conventional, adjacent
PV and SPRING greenhouse are found to be 3.71, 2.38, and 2.36 kg CO2 eq/kg
tomato, respectively. Compared to a conventional greenhouse, the SPRING
design may increase life cycle environmental burdens in colder regions because
the shading effect of OPV increases heating demands. Our analysis shows that
SPRING designs must maintain crop yields at levels similar to conventional
greenhouses in order to be economically competitive. Assuming consistent crop
yields, uncertainty analysis shows average net present cost of production across
Arizona to be $3.43, $3.38, and $3.64 per kg of tomato for the conventional,
adjacent PV and SPRING system, respectively.
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Summary:

Renewable energy systems are essential in coming years to ensure an efficient
energy supply while maintaining environmental protection. Despite having low
environmental impacts during operation, other phases of the life cycle need to be
accounted for. This study presents a geo-located life cycle assessment of an emerging
technology, namely, floating offshore wind farms. It is developed and applied to a
pilot project in the Mediterranean Sea. The materials inventory is based on real data
from suppliers and coupled to a parameterized model which exploits a geographic
information system wind database to estimate electricity production. This multi-
criteria assessment identified the extraction and transformation of materials as the
main contributor to environmental impacts such as climate change (70% of the total
22.3 g CO2 eq/kWh), water use (73% of 6.7 L/kWh), and air quality (76% of 25.2 mg
PM2.5/kWh), mainly because of the floater's manufacture. The results corroborate
the low environmental impact of this emerging technology compared to other energy
sources. The electricity production estimates, based on geo-located wind data, were
found to be a critical component of the model that affects environmental
performance. Sensitivity analyses highlighted the importance of the project's
lifetime, which was the main parameter responsible for variations in the analyzed
categories. Background uncertainties should be analyzed but may be reduced by
focusing data collection on significant contributors. Geo-located modeling proved to
be an effective technique to account for geographical variability of renewable energy
technologies and contribute to decision-making processes leading to their
development.



