Fig. 10 | Interlinkages between the Sustainable Develop-
ment Goals create synergies and trade-offs. Results from
an illustrative study of interlinkages between the SDGs.
Note: Interactions within the 17 Goals (left) and among 136
pairs of Goals (right) based on data from 2018 (Department
of Economic and Social Affairs, Statistics Division 2019).
The shares of synergies (light blue), non-classifieds (yellow),
and trade-offs (orange) are represented by the colour bars.
The number of data pairs of Sustainable Development Goal
indicators is depicted by the areas of the circle in the boxes.
Here, 1€5, 25, 3e5, 4e5, and 5e5 are 100, 1,000, 10,000,
100,000, and 500,000, respectively (source: Anderson et
alii, 2022; IGS, 2023).

therefore of better quality, and secondary data
drawn from scientific literature or available databas-
es, preferably related to comparable conditions /
processes; secondary data is less reliable than
primary data, therefore, if the category in which
the data is used is relevant, the results will be heav-
ily distorted. In exceptional cases, tertiary data —
such as assumptions and estimates — can be
used, though this represents the bottom of the
ladder in terms of information quality. However, it
is generally necessary to consider that the quality
of the analysis depends on the quality of underly-
ing data: for example, in an LCA the calculation of
embodied energy is burdensome and complex
(Langston and Langston, 2008), requiring time
and a considerable amount of data that is not al-
ways readily available.

Typically, data sets that heavily influence re-
sults should take into account the ‘representative-
ness’ of ‘time’, ‘geographical area’ and ‘technolo-
gy’ factors. Concerning ‘time’, data must be rep-
resentative of the current year, or, alternatively, it
is necessary to check whether there have been
any substantial changes that have altered any val-
ues and thus may influence the results; concern-
ing ‘geographic area’, data must be representa-
tive of the study location; and finally, the employed
technology and technical aspects must be repre-
sentative of the analysed process. Other common
issues observed in the relevant scientific literature
are the omission of objectives, i.e., explicitly stat-
ing what is being measured, and the failure to de-
clare the study perimeter (boundary); translating
the numbers of inputs and outputs collected with
the inventory into potential impacts / benefits is
the other challenging step in an evaluation.

To overcome these critical issues for LCA, the
European Commission has promoted the Envi-
ronmental Product Footprint — EPF method (Eu-
ropean Commission, 2021¢) by stressing that, to
conduct a product study, two mandatory require-
ments must be met: 1) the bill of materials must
be specific to the product being studied; and 2)
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the modelling of manufacturing processes must
be based on data specific to the company and
the product. It is also worth noting that the same
document expands the concept of impact: al-
though it does not cover any category referred to
as ‘biodiversity’, the EPF method nevertheless in-
cludes at least eight categories of impact that af-
fect biodiversity (climate change, freshwater eu-
trophication, marine water eutrophication, terres-
trial eutrophication, acidification, water use, land
use, freshwater ecotoxicity). Regarding the rele-
vance of biodiversity to many product groups, the
document suggests that the EPF study should re-
port whether biodiversity is relevant to the prod-
uct studied and, if so, should identify biodiversity
indicators among the additional environmental in-
formation.

To limit the uncertainty associated with the
quality of data needed for analysis, in 2014, the Eu-
ropean Commission defined a standard for build-
ing an LCA database, the Life Cycle Data Net-
workd aimed at providing an open infrastructure
for publishing datasets (LCI and LCIA) from dif-
ferent sources (industry national LCA projects,
research groups, and consultants), quality-as-
sured in terms of methodology, documentation,
and nomenclature. As of April 2018, the Commis-
sion also set up a new registry to host and share
datasets in line with the Product and Organization
Environmental Footprint framework. One of the
most well-known and widely used databases is
the Inventory of Carbon and Energy (ICE) estab-
lished by Hammond and Jones (2008) of the Uni-
versity of Bath, which uses an input / output mea-
surement method and a ‘cradle-to-gate’ system
limitation.

ENEA is also developing a similar project, Ar-
cadia®: The Italian National Agency for New Tech-
nologies, Energy and Sustainable Economic De-
velopment plans to develop an Italian open-ac-
cess database for 15 supply chains with charac-
terisation factors calculated on ltalian realities by
the end of 2023 with the aim of: a) facilitating the
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dissemination of LCA methodology at a national
level and promoting impact mitigation initiatives
aimed at Public Administration, businesses, NGOs,
Universities and Research Institutions; b) promot-
ing and developing sustainable development and
circular economy initiatives based on life cycle ap-
proach involving local stakeholders; ¢) support-
ing the development and regulation of public poli-
cies; d) promoting the acquisition of environmen-
tal labels such as the aforementioned EPF, Made
Green in Italy and Environmental Product Decla-
ration (EPD), which can be used in ‘green procure-
ment’ by various public operators and private en-
tities. Specifically, project Life MAGIS — MAde
Green in Italy Scheme?’, coordinated by ENEA
and recently completed, promoted a procedure
(development and testing of Product Category
Rules, definition of procedures for verification and
communication of environmental information) that
aims to enhance Italian products with the strongest
environmental performance to ensure they are well-
known and recognisable. Partners and stake-
holders involved in the project tested the applica-
tion of Made Green in Italy and the EPF in eight
ltalian product categories (for the building sector,
only wooden windows and doors) and collaborat-
ed to define guidelines for the calculation of envi-
ronmental impacts, communicate product sus-
tainability transparently to companies and citi-
zens, and transfer their approach and experience
to other supply chains and countries.

EPD is one of the most recommended tools
used to report on the life cycle environmental im-
pacts of building materials (Kuittinen and Linkosal-
mi, 2015). The reference regulation is EN 15804:
2012, as amended in 2021, which provides the
Framework Rules for Product Categories8 for the
development of Type Il environmental declara-
tions for each product and service in the construc-
tion sector. The EPD certification is issued by an
independent body and aims to enable companies
to communicate environmental data of manufac-
tured products but also to facilitate comparison of
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Fig. 11 | Projected global achievements to 2030 (left) and 2050 (right) for select sustainable development goals indicators. A
value of zero represents the baseline value of the indicator in 2015, while 100% means the target is fully met; negative values
represent a worsening of the situation. The main scenarios, middle-of-the-road (SSP2-NDC) and ambitious (SDP-1.5C), are

shown as bars (source: Soergel et alii, 2021; IGS, 2023).

the environmental characteristics of products that
meet equivalent functional requirements and con-
sider the same system boundaries. Among the
various independent EPD processing organisa-
tions, it is certainly worth mentioning the Interna-
tional EPD® System and the IBU-EPD, with the
latter having a database solely of building materi-
als (Sposito and Scalisi, 2019). If EPDs were used
as early as the design phase, in addition to perfor-
mance, technical and aesthetic characteristics, it
would be possible to support the decision-mak-
ing phase with environmental parameters such as
Embodied Energy and Embodied Carbon, envi-
ronmental impacts and possible impacts on hu-
man health, for example, through Health Product
Declarations.

ERA-focused handbooks, guidance docu-
ments and databases have been produced to
draw information for conducting the assessment,
although to date they mainly refer to specific na-
tional regulations. Some of the most widely used
include the Joint Research Centre’s ExpoFacts®
database, sponsored by the European Commis-
sion, which contains data and information on both
environment and public health for assessing risk
from exposure to chemicals and on the popula-
tion of all EU member states and of the Old Con-
tinent (31 countries in total) with numerous links
and references — collected in an online database
from more than 120 sources (databases, informa-
tion systems of national institutes and international
organisations, scientific articles, reports and sur-
veys) — and the guidelines and tools (templates
and databases) made available by EPA.10

The study conducted by Reina et alii (2014), as
commissioned by the Joint Research Centre, se-
lected eight worldwide exposure factor systems
including, in addition to the two mentioned above,
those of Canada, Australia, China, Japan, Korea
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and Germany, is an important step toward har-
monisation, interoperability and integration of the
different ERA systems, analysing their common-
alities and differences and identifying twenty cri-
teria grouped into five categories (project man-
agement, design and architecture, data content,
data quality and types of data values and usage).
Regarding ESA, it is worth noting that the va-
riety of benefits that individual nature-based inter-
ventions can provide and the recognition of their
importance have encouraged the production of
numerous documents and tools for assessing
ecosystem services. The choice of the instrument
is linked to the purpose of the evaluation, to the
required results (qualitative or quantitative, relative
to a context, economic or not) and to operational
issues such as skKills, time, budget and data avail-
ability; each instrument, therefore, presents differ-
ent strengths, limits and outputs. Within the wide
range of instruments supporting ESA, the most
widespread are ARitificial Intelligence for Envi-
ronment & Sustainability — ARIES!1, Co$ting Na-
ture12, Ecosystem Services Toolkit — EST13, Inte-
grated Valuation of Ecosystem Services and
Tradeoffs — INVEST4, Land Utilisation and Capa-
bility Indicator — LUCI'S, Multiscale Integrated
Model of Ecosystem Services — MIMES16, Natu-
ral Capital Model'”, NEAT Tree Short Tool Re-
views'8, Protected Area Benefits Assessment
Tool — PA-BAT19, Social Values for Ecosystem
Services — SolVES?0; Tool Assessor promoted by
the Ecosystem Knowledge Network21, Toolkit for
Ecosystem Service Site-Based Assessment —
TESSA?22, Urban Nature Navigator23, ValuES Pro-
ject Methods Database?4 and WaterWorld.25
Some specific features of the available tools
are illustrated by way of example: ARIES, MIMES,
INVEST, Co$tingNature, WaterWorld, and SolVES
are digital modelling tools, with the first two capa-

ble of predicting scenarios and contextual and
economic assessments of ecosystem services;
INVEST is a suite with defined parameters for map-
ping and quantifying biophysical or economic
ecosystem services under different scenarios, for
which the user simply needs to find the input data;
Co$tingNature and WaterWorld provide the mod-
el parameters and all required input data so that
the user only needs to specify an area of interest
and choose from pre-selected scenarios or de-
sign their own; SolVES is an ArcGIS-dependent
application that allows the user to identify, assess,
and mayp the perceived social values that people
attribute to Cultural Heritage and for the use of
which the user is required to conduct stakeholder
surveys and prepare models for context outputs.
Three tools (EST, TESSA, and PA-BAT) pro-
vide users with step-by-step guidance in the as-
sessment of ecosystem services, supplying scop-
ing exercises, worksheets to acquire informa-
tion / directions for primary data collection (TES-
SA, EST), and a workshop with stakeholders (PA-
BAT, TESSA). Four tools (EST, PA-BAT, SolVES,
and TESSA) are designed to collect information
on social and cultural ecosystem services through
surveys or stakeholder workshops; ARIES, In-
VEST, MIMES, SolVES, Co$ting Nature, and Wa-
terWorld provide results for specific contexts; the
first four, in addition to EST and TESSA, can also
estimate economic values of ecosystem services;
INVEST is the only tool that includes models de-
veloped for multiple marine and coastal ecosys-
tem services, however, compared to the invento-
ry, the most comprehensive appears to be Val-
UES with its 65 solutions that can be filtered by
purpose, method and ecosystem service.

LCA, ERA and ESA: differences and similari-
ties | The three assessments of life cycle, environ-
mental risk and ecosystem services present sev-
eral similarities and differences concerning survey
methodology, inventory data, spatial and tempo-
ral resolution, cause-effect pathway, type of quan-
titative and/or qualitative approach and possibility
of results aggregation (Fig. 6). As previously re-
ported, LCA is a quantitative methodology capa-
ble of returning the multiple effects caused by dif-
ferent stressors on a global scale and is highly ef-
ficient when considering human activity and tech-
nologies employed throughout the life cycle of a
product or process. However, though it examines
multiple impact factors, LCA does not investigate
economic and ethical-social aspects and can only
quantify potential and not actual impacts since
CFs overlook temporal and spatial variability of
stressors, also in ecosystem functioning, the im-
plications of variation in species vulnerability, and
differences in effects in near and far contexts rel-
ative to different assessment boundaries. These
limits introduce the ‘uncertainty’ factor into the in-
ventory, as also emphasised by ISO 14040:2006
and 14044:2006.26

In contrast, ERA assesses the exposure of
ecological systems to specific stressors in a spe-
cific environmental scenario in relation to the cho-
sen spatial and temporal resolutions, mainly tak-
ing into consideration the realistic worst possible
case according to the precautionary principle. As
a receptor-based methodology aimed at local im-
pacts, ERAis limited in assessing global impacts
and cumulative impacts due to multiple stressors



since, for the latter, it relies mainly on semi-quan-
titative methods to link the stressor with the hu-
man or ecological receptor. ESA relies on qualita-
tive and quantitative methods to return the changes
of both an ecosystem in space and time and the
supply and demand for ecosystem services that
depend on local, regional and national social, cul-
tural and economic systems.

In ERA, impacts caused by multiple stressors
on one or more receptors can be determined us-
ing aggregate or cumulative exposure assess-
ments (EPA, 2003), making it possible to appre-
ciate the relative contribution of stressors, expo-
sure pathways, and sources in the overall impact,
to develop the best risk management strategies;
however, these assessments are quite complex
(Stelzenmdller et alii, 2018) and the cumulative ef-
fect of multiple stressors cannot always be pre-
sumed to be merely additive (Holsman et alii, 2017).

Aggregation of results, which is useful for com-
paring alternative strategies / solutions and facil-
itating communication of results, is also a critical
factor for ESA and LCA. In ESA, aggregation
through economic parameters is criticised by the
scientific world for ethical reasons (Sullivan and
Hannis, 2017), while aggregation of services into
a single value is difficult because of the variabil-
ity of the benefits of individual services at different
scales (Small, Munda and Durance, 2017). In LCA,
the critical issue lies in the fact that the results are
the product of a weighting phase in which weights
are assigned to the various impact categories, ac-
cording to their relative importance and thus to
the priorities of the assessment: as a consequence,
the final result is a ‘weighted’ figure based on a
subjective scale of values. In this respect, ISO reg-
ulations do not provide examples of weighting
methods, while ISO 14044:2006 suggests that
weighting should not be used in studies intend-
ed for public disclosure and for comparative pur-
poses.

For better understanding, transparency, re-
producibility, robustness and reliability of the re-
sults, especially in the interpretation stage, it is
necessary to conduct an ‘uncertainty assessment
of the results’ themselves. According to EPA
(2011), uncertainties relate to the data, scenario,
and model; specifically, they may originate in the
data employed in the inventory analysis to repre-
sent the elementary flows in the system’s pro-
cesses, in the characterisation factor that is used
in the assessment of impacts for the transforma-
tion of the inventory into an environmental impact
score, in the assumptions that are made during
the system’s construction (e.g., the representa-
tiveness of the processes that are used in the
model), and/or in the choices of allocation criteria
and assessment method. ISO 14044:2006 ad-
dresses this critical issue by highlighting the need
to conduct a ‘sensitivity analysis’ to identify the
most important sources of uncertainty and to
check how data, scenario, and model affect the
final result; although ISO does not recommend a
specific methodology and much research has
been conducted on the topic over the past
decades, even today most studies neglect the
uncertainty analysis and sensitivity study while
others only examine uncertainty only in the inven-
tory data (Lloyd and Ries, 2007; Groen et alii,
2017; Igos et alii, 2019). As a methodology geared
toward identifying benefits, the ESA cause-effect
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chain correlates the transformation of ecosystem
components with changes in the supply of and
demand for ecosystem services and generated
benefits, which LCA and ERA cannot indepen-
dently assess, as they are primarily impact-orient-
ed methodologies. Conversely, because ESA is
an ecosystem-based approach whose changes
are not necessarily the result of human activity,
this methodology alone cannot quantify anthro-
pogenic impacts on ecosystem services and their
benefits to human well-being at different scales
without relying on impact assessment method-
ologies such as LCA and ERA. In general, while
LCA and ERA cause-effect pathways focus pri-
marily on assessing the negative effects of anthro-
pogenic activities on ecosystems — although LCA
has seen studies for the inclusion of the ‘handprint
concept’ to account for the potential positive im-
pacts of humans on the environment (Alvarenga
et alii, 2020) — ESA is more benefit-oriented. Fur-
thermore, concerning the nature of cause-effect
pathways, it is worth noting that ERA and ESA
pathways have been criticised because they as-
sume a linear nature, while causality in social-eco-
logical systems is dynamic (Preiser et alii, 2018).

LLCA and ERA also differ in the concept of
‘endpoints’: for the former, endpoints are a group
of indicators that express the damage-level im-
pact of a product / service (end of the cause-ef-
fect chain), while for the latter they are receptors
to be protected; finally, a common element be-
tween LCA ERA and ESA is the iterative nature of
the methodology employed.

The integration of LCA, ERA and ESA: state of
the art | Each of the three presented methodolo-
gies, with its strengths and weaknesses, thereby
allows for the assessment of the negative impacts
of anthropogenic action and/or the benefits of
ecosystem services for humans at a different spa-
tial and temporal resolution. However, as of today,
there is no single methodology that can compre-
hensively assess the overall ecological footprint,
especially concerning the multifunctional use of
terrestrial and aquatic ecosystems, although stud-
ies have already been conducted to evaluate the
integration of LCA, ERA and ESA methodologies
with the aim of overcoming individual critical is-
sues and boosting specific strengths (De Luca
Pefia et alii, 2022).

The Scopus database was used to analyse
the state of the art regarding the integration of the
three methodologies, employing keywords, selec-
tion criteria and reporting period as indicated in
‘Methodology and limitations of the study’. The
selection resulted in the identification of a total of
62 studies, of which 15 related to the integration
of LCA and ERA (Tab. 2), 23 of LCA and ESA
(Tab. 3) and 24 of ERA and ESA (Tab. 4); it was
not possible to identify a single case study that in-
tegrated all three methodologies.

The analysis of the aforementioned studies
shows that the integration of LCA and ERA has
mainly been developed by aggregating the latter
into the former through the formulation of new
spatially differentiated CFs, new impact pathways
or by modifying LCA impact categories. Some
studies conducted the two assessments inde-
pendently, while others then combined the results
on a qualitative and/or quantitative level; some
studies employed multi-criteria analysis to quan-

titatively combine LCA and ERA results performed
individually on the same case study, while still oth-
ers normalised LCA results and compared them
with ERA results; only the study by Ayoub et alii
(2015) used LCA results to identify processes with
high environmental impact in a product’s life cycle
and then to conduct an environmental risk as-
sessment based on those specific processes.

Some of the most frequently found challenges,
sometimes noted by the authors themselves, in-
clude: a) the lack of certain input data: b) the diffi-
culty in integrating the two methodologies due to
their differences in model structure, approaches,
scopes and different spatial and temporal resolu-
tions; c) the selection of appropriate exposure
pathways to reduce bias in the assessment espe-
cially when assessing multiple stressors simulta-
neously; and d) the failure to consider the entire
life cycle in the assessment. Finally, Muazu, Roth-
man and Maltby (2021) identified other critical is-
sues, including the risk of double counting, pos-
sible inconsistencies in parameter selection and
modelling, and the lack of standardised guidelines
and procedures to integrate the two survey method-
ologies.

Integration between LCA and ESA has also
been predominantly developed by aggregating the
latter with the former, often considering ecosystem
services as an additional impact pathway to tradi-
tional LCA pathways and providing spatially differ-
entiated midpoint and endpoint CFs, as suggest-
ed by the UN Environment Programme and Soci-
ety of Environmental Toxicology and Chemistry
guidelines. While on a conceptual level, several con-
tributions reviewed by Koellner et alii (2013) have
suggested rethinking the LCA’s AoPs to include
ecosystem services, some of the analysed case
studies extended LCA boundaries with supply and
demand of ecosystem services, others proposed
the integration of the cascade model into LCA,
and still others employed LClI flows by integrating
inputs from bioeconomic models of ecosystem
services or used LCA results to quantify the value
of an ecosystem service.

This integration between the two assessment
methodologies also presents several critical is-
sues, primarily the difficulty of harmonising differ-
ent spatial and temporal resolutions of ecosystem
services in LCA. Other limitations can be identified
in the inability to integrate some elements of the
ESA into available LCA software, the accounting
of ecosystem services at different scales, the risk
of overlapping and double counting when ecosys-
tem services are assessed as impact categories,
data availability, and the lack of guidelines and
normed procedure for integrating the two survey
methodologies.

Among studies involving ERAs and ESAs,
prevalent are those in which ERA endpoints have
been integrated with ecosystem services whose
potential, strengths and criticalities are reported:
through EPF methodology, a biophysical struc-
ture or service-providing units were linked with the
supply of ecosystem services which, in several
cases, were used to define ERA boundaries and
scenarios. Some studies utilised the INVEST tool
with semi-quantitative approaches to obtain scores
on the risk and supply of ecosystem services
through the Habitat Risk Assessment (HRA) mod-
ule; in some cases, risk scores obtained through
HRA were aggregated with ecosystem service
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supply scores to calculate the vulnerability index
of a specific ecosystem. Other studies combined
different approaches to calculate cumulative risk
on ecosystems and thus risk on related service
provision, while still others identified economic val-
ues of ecosystem services to parameterise risk
scores or, in contrast, determined the value, eco-
nomic and otherwise, of ecosystem services through
risk scores.

The main limitations noted in this group of
studies are similar to those that emerged in the
integration between LCA and ESA, and among
them is the difficulty in identifying the interconnec-
tions, dynamics and relationships among ecosys-
tem services and in linking multiple stressors to a
single ecosystem service. Other critical issues in-
clude: a) the selection of ERA endpoints that are
not representative of a particular ecosystem ser-
vice; b) the monetisation of ecosystem services;
¢) the failure to assign different weights to different
ecosystem services; d) the variability of temporal
and spatial resolutions when trying to account for
the effect of stressors on the ecosystem service
provision unit; e) the use of a weighted method for
the relevance of risks or systemic services; f) the

presence of conflicts of interest among stake-
holders in determining the most relevant ecosys-
tem services; g) the availability of data; and h) the
lack of guidelines and regulated procedure for in-
tegrating the two survey methodologies.

In general, the different contributions analysed
show a variety of approaches that De Luca Pefa
et alii (2022) classified in relation to the points in
the cause-effect chain at which integration oc-
curs: the first type of integration occurs at the
‘post-analysis’ stage, therefore the two method-
ologies are conducted independently of each oth-
er and the results of both are the subject of a
‘combined qualitative interpretation’; the second
type occurs through the ‘combination of results’,
developing the two methodologies independent-
ly of each other and combining / aggregating the
results in a further quantitative or qualitative stage
at the end of the cause-effect chain; the third type
involves the integration of results through the
‘complementation of a driving method’, and in this
case, a first methodology guides the evaluation
and incorporates some relationships from the
cause-effect chain of the second into its own, ei-
ther at selected points or along the entire chain.

For the purpose of a future study aimed at in-
tegrating the three assessment methods, a point
to be made is that each of the approaches com-
bining assessments was not exempt from difficul-
ties: though such approaches make it possible to
capture global and local effects without the need
for statistical correlation of results, all three bear
the risk of double-counting of impacts, and some-
times ‘post-analysis’ and ‘combining results’ lead
to different results that can be difficult to under-
stand or even mislead decision makers; further-
more, both the ‘combination of results’ and the in-
tegration of results through the ‘complementation
of a driving method’ require rather long analysis
times, and while the latter generates a real inte-
gration of analysis methodologies, it also requires
a lot of data, the absence of which affects the un-
certainty of the results.

Reflections for a holistic and systemic integra-
tion of decision-making tools | Despite their in-
herent criticalities, the three methodologies con-
stitute valuable decision-making tools for project
support, as they can guide the designer in solving
problems that are too complex for humans and
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Fig. 12 | Human'’s impact on the environment increased or
decreased from 1993 to 2009 (credit: O. Venter; source:
nationalgeographic.com).

Fig. 13 | Possible scenarios as a result of climate change:
aridification and rising sea levels (source: georgetown.edu).



too qualitative for traditional computer processing.
However, LCA, ERA, and ESA cannot address the
complexity of the ‘multi-hazard’ condition faced
by planet Earth, both individually and in combina-
tion (Figg. 7, 8). This challenge can only be met
with a haolistic and systemic approach to design
that is capable of providing both ecosystem ben-
efits / services and solutions to address the vari-
ous environmental risks and numerous ecosys-
tem vulnerabilities, mutating an anthropocentric
view into one ‘in symbiosis’ with nature.
Academics and philosophers have promoted
various economic theories from the perspective
of sustainable development and safeguarding fu-
ture generations, from the Happiness Economics
(Kahneman, 2007) to the Sharing Economy (Bots-
man and Rogers, 2010), from Qualitative Growth
(Capra and Henderson, 2013) and Serene De-
growth (Latouche, 2015; Raworth, 2017), from
the Blue Economy (Pauli, 2009) to the Circular
Economy (Ellen MacArthur Foundation, 2010), but
also design approaches focused on Biomimicry
(Benyus, 1997) and Cradle to Cradle and upcycle
(McDonough and Braungart, 2002, 2013), the ‘8
Rs’ (Revalue, Reconceptualize, Restructure, Re-

Human Impact
High (100%)
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Fig. 14 | Human impact and wilderness characterisation,
created using Geo-Wikiin 2012 ( source: iiasa.ac.at).

Fig. 15 | Examples include populations at the highest risk of
exposure to adverse climate-related health threats and
adaptation measures that can help address disproportion-
ate impacts (source: noaa.gov).
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distribute, Relocate, Reduce, Reuse, Recycle)
and the six ReSOLVE action areas (REgenerate,
Share, Optimise, Loop, Virtualise, Exchange; Ellen
MacArthur Foundation 2015), on the Open Build-
ing Habraken (1972) and Shearing Layers of Change
Brand (1994), on Design for Disassembly and Re-
versible Building Design (Durmisevic, 2006, 2018),
on mitigative and adaptive resilience of the built
environment (Tucci and Sposito, 2020) just to
name a few.

One must wonder, then, why the desired dig-
ital, energy and ecological transitions are still so
far from implementation, especially considering
the presence of goals shared by the United Na-
tions, individual countries and various International
Organizations, as well as Strategic Programs with
exceptional financial provisions and advanced
digital tools.

If a first cause is identifiable in the period of un-
certainty we are experiencing related to the mul-
tiple and interconnected crises that have charac-
terised the last fifteen years, a closer reflection
and analysis of the published research on the is-
sue of sustainability in the building sector reveals
that the actions put in place have been mainly

Adults can lessen risk by
monitoring exertion and hydration.

aimed at addressing individual objectives and
solving specific aspects regarding the circularity
of materials rather than the disassemblability of
components or even the containment of energy
consumption or adaptive materials and elements
or the use of nature-based solutions, etc. as if
each of these aspects individually were capable
of limiting and/or even zeroing the impacts of
anthropogenic action in the biosphere and solv-
ing the current state of environmental emergency
and/or polycrisis.

This ‘short-sighted’ view is also confirmed by
the very recent Global Sustainable Development
Report (IGS, 2023), which on the one hand re-
ports how far we are from achieving the individual
SDGs and their progress with projections to 2030
and 2050, based on data accessible as of May
20283, and on the other shows the limited inter-
connections between the 17 SDGs and the 136
pairs of Goals (Figg. 9-11), ultimately concluding
that the early Millennium crises can become an
opportunity to be overcome with broad and inclu-
sive strategies that consider multiple intercon-
nected goals and combine local action with inter-
national cooperation, offering room for action that

to extreme events
cause power out.
require evac

emergency communication
can save lives.

Low income families are at risk of
physical and mental illnesses
during flooding and in crowded
shelter conditions.
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previously would have seemed overly ambitious
or extreme; the same report culminates with a call
for greater investment in research and develop-
ment but also in scientific tools for predictive as-
sessment, quality data, and economic and non-
economic metrics capable of ‘restoring’ the value
of human life and nature and monitoring progress
in improving human well-being, environmental
and biodiversity protection, as well as public ser-
vice provision.

With this in mind, this paper, recalling Goal 17
— ‘Strengthen the means of implementation and
revitalise the global partnership for sustainable de-
velopment’” and building on the hope of the afore-
mentioned Global Sustainable Development Re-
port 2023, argues for the need to activate urgent
research actions for the integration of LCA meth-
ods, ERA and ESA to provide the various stake-
holders with a decision-making tool to assess, on
abroad scale, not only how humans affect ecosys-
tems and the services they provide, but also how
natural systems affect humans, examining the full
range of interactions between anthropogenic-
productive systems and terrestrial and marine
natural systems, since this is the only way to un-
derstand, measure and quantify impacts and ben-
efits at multiple scales.

Current developments in this area of research
are rather uncertain and simultaneously define
current limitations, as research on the integration
of LCA, ESA and ERA is sectoral and often based
on intuition rather than science-based, instrumen-
tal, verifiable, comparable and replicable models.
To overcome this challenge, it is desirable that the
United Nations on a par with government agen-
cies (UN Environment Programme and Society of
Environmental Toxicology and Chemistry, World
Health Organization, European Environment Agen-
cy, Environmental Protection Agency, Joint Re-
search Centre, ENEA, etc.) and forward-looking
International Organizations active in research for
the preservation of our planet launch a call to cre-
ate an international technical table comprising of
the best experts of the three methodologies LCA,

Acknowledgements

The contribution, resulting from a common reflection, is
to be assigned in equal parts to both Authors.

Notes

1) Calculation methods include CML 2001, ReCiPe,
TRACI, Eco-Indicator 99, EPS 2000, EDIP 2003, IMPACT
2002+, BEES, IPCC 2007 GWP, etc. The structure also fol-
lows the ISO 14042 standard for classification, characteri-
sation, normalisation and weighting phases.

2) Other ISO standards in the 14040 series supplement the
general guidelines (e.g., ISO 14046:2014 for water footprint);
other environmental management standards are linked to ISO
14040-44, such as ISO 14006:2020 (eco-design), ISO 14025:
2006 (environmental labelling), ISO 14064-1: 2008 (carbon
footprint of organisations), ISO 14067:2018 (carbon footprint
of products), ISO 14072:2014 (organisational LCA).

3) Concerning climate change, the affected flows are
translated into their climate-changing potential using CO,
equivalent as the unit of measurement; for example, methane,
which has 25 times the climate-changing power of CO,, has
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ERA and ESA, to assess whether the prerequi-
sites exist — without prejudice to the current inde-
pendence of the individual methodologies — for
their ‘post-analysis’ integration, through ‘combi-
nation of results’ or the ‘complementation of a
driving method’, or whether it is necessary to con-
sider a new methodology that, by integrating the
objectives, aims and outputs of the three assess-
ments, is able to return the complexity of the afore-
mentioned multi-hazard condition for humans and
the environment by overcoming the challenges
and limitations exposed in this essay.

Specifically, the technical table of experts
should be tasked with: 1) developing an assess-
ment methodology; 2) defining metrics, statisti-
cal descriptors, criteria and shared protocols for
data collection, processing and analysis; 3) iden-
tifying relevant characterization factors (environ-
mental, social and economic) and exposure fac-
tors, as well as areas of protection; 4) assessing
the methods of conducting ‘sensitivity analyses’
to identify the most important sources of uncer-
tainty; 5) implementing an open-access computer
database to facilitate indexing and retrieval of in-
formation on exposure factors globally, with the
involvement of companies willing to provide data
representative of specific production processes
and technologies for their geographic areas; 6)
developing a user-friendly and implementable [T
tool for the assessment of impacts and benefits,
with special reference also to economic and eth-
ical-social aspects, capable of harnessing the po-
tential of artificial intelligence to process and pre-
figure alternative scenarios; 7) providing guidance
for the selection and use of data in relation to spe-
cific exposure scenarios and population of inter-
est and for the use of the digital assessment tool;
8) promoting the new digital tool and assessing its
possibility for mandatory regulation after a period
of experimentation and verification through the
use of scientific method.

If the New European Bauhaus has shown the
way to radically reshape traditional ‘sectoral’ and
‘single-objective’ approaches to design, acting as

a characterisation factor of 25 kg of CO, equivalent while
for particulate matter all relevant outputs are converted to
PM2.5 equivalent.

4) Similar to ERA is the Environmental Impact Assessment
(EIA), which assesses the potential environmental impacts of
specific projects such as infrastructure, mining or industrial fa-
cilities on air, water, soil, biodiversity, cultural heritage and hu-
man health, as well as social and economic impacts such as
employment, community development and economic growth.
The EIA aims to ensure that human activity is compatible with
the conditions for sustainable development and, thus, in ac-
cordance with the regenerative capacity of ecosystems and re-
sources, the preservation of biodiversity, and the equitable dis-
tribution of benefits associated with economic activity. The
EIA procedure is structured on the principle of preventive ac-
tion, according to which the best environmental policy is to
prevent negative effects related to project implementation
rather than to combat the effects later. In Europe, the EIA was
introduced by EU Directive 85/337/EEC, which, together
with the Single European Act of 1986 and the Maastricht
Treaty of 1992, concurrently forms the pillars of European en-
vironmental policy principles. The EIA was implemented in
Italy with Law no. 349 of 8 July 1986 and subsequent modi-

a bridge between science, technology and art
and a vector to drive epochal changes, we now
certainly need a sustainability assessment tool
that, from a holistic and systemic perspective, is
able on the one hand to resolve the complexity of
individual analysis methodologies (LCA, ERA and
ESA), and on the other hand has the potential to
address the complexity of the climate-environ-
mental condition in which we find ourselves, con-
figuring action scenarios capable of counteracting
the polycrisis, reducing multiple ecosystem vul-
nerabilities (Figg. 12-15), providing ecosystem ser-
vices for human well-being, and safeguarding bio-
diversity, while simultaneously meeting as many
of the Sustainable Development Goals as possi-
ble by 2030.

fications. The procedure’s structure saw various updates over
the years: with the VIA Directive 2014/52/EU, implemented
in Italy with Legislative Decree n. 104 of 16 May 2017, the
rectified issues concern the simplification and harmonisation
of EIA procedures with other environmental authorisations,
the strengthening of the quality of the procedure, and the revi-
sion of the penalty system in case of non-compliance.

5) For more information, see the webpage: eplca.jrc.ec.
europa.euw/LCDN/index.xhtml [Accessed 16 October 2023].

6) For more information, see the webpage: arcadia.enea.
it/il-progetto.html [Accessed 16 October 2023].

7) For more information, see the webpage: lifemagis.eu
[Accessed 16 October 2023].

8) The Product Category Framework Rules define the in-
dicators to be reported, the information to be provided, and
the methods by which they are collected and reported; they
describe which life cycle stages are considered in the EPD
and which processes are to be included; they define the rules
for developing assessment scenarios; they include rules
for inventory calculation and impact validation in the life
cycle analysis underlying the EPD, including specifica-
tions to be applied to product, process and service life cycle
assessment; they define the conditions for which construc-



tion products can be compared based on the information in
the EPD.

9) For more information, see the webpage: data.jrc.ec.eu-
ropa.eu/dataset/jrc-10114-10001#publications [Accessed
16 October 2023].

10) For more information, see the webpage: 19january
2017snapshot.epa.gov/risk/risk-tools-and-databases _.html
[Accessed 16 October 2023].

11) For more information, see the webpage: aries.inte-
gratedmodelling.org [Accessed 16 October 2023].

12) For more information, see the webpage: policysup-
port.org/costingnature [Accessed 16 October 2023].

13) For more information, see: Value of Nature to Cana-
dians Study Taskforce (2017).

14) For more information, see the webpage: naturalcap-
italproject.stanford.edu/software/invest [Accessed 16 Oc-
tober 2023].

15) For more information, see the webpage: lucitools.org
[Accessed 16 October 2023].

16) For more information, see the webpage: ipbes.net/
policy-support/tools-instruments/multi-scale-integrated-
models-ecosystem-services-mimes#:~:text=MIMES%20is
%?20an%?20ecosystem%?2Dbased,levels%20under%20dif-
ferent%20future%20scenarios [Accessed 16 October 2023].

17) For more information, see: Remme, de Nijs and
Paulin (2018).

18) For more information, see the webpage: neat.ecosys-
temsknowledge.net/short-tool-reviews.html [Accessed 16
October 2023].

19) For more information, see: Dudley and Stolton (2009).

20) For more information, see the webpage: code.usgs.
gov/solves/solves-4.0 [Accessed 16 October 2023].

21) For more information, see the webpage: ecosystem-
sknowledge.net/tool-search [Accessed 16 October 2023].

22) For more information, see the webpage: tessa.tools
[Accessed 16 October 2023].

23) For more information, see the webpage: naturvation-
navigator.com [Accessed 16 October 2023].

24) For more information, see the webpage: aboutval-
ues.net/about_values/ [Accessed 16 October 2023].

25) For more information, see the webpage: policysup-
port.org/waterworld [Accessed 16 October 2023].

26) According to ISO 14040:2006, «The lack of spatial
and temporal dimensions in the LCI results introduces un-
certainty in the LCIA results. The uncertainty varies with
the spatial and temporal characteristics of each impact cat-
egory». According to ISO 14044:2006, «Depending on the
environmental mechanism and the goal and scope, spatial
and temporal differentiation of the characterisation model
[...] should be considered».
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