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Abstract – Ecosystem goods and services (EGSs) are of crucial importance for the economic
and social development of human communities. The well-established life cycle assessment
(LCA) method is facing a number of challenging improvements to define new Characteri-
zation factors (CFs) for life cycle impact assessment (LCIA) of EGSs. Very recently, extensive
work conducted under the UNEP/SETAC Life Cycle initiative has been completed with the
goal of providing new LCIA methods and spatially differentiated mid-point CFs for land use
and land use change impacts on biodiversity and ecosystem services. However, the imple-
mented models do not enable one to assess the actual damage to ecosystem functionality,
and thus the relationship among EGSs and related areas of protection (e.g. AoP of “Natural
Resources”) remains undefined. This paper aims at investigating the potential characteriza-
tion ability of the Emergy method for LCIA of EGSs. The goal is to use the extensive libraries
of Unit Emergy Values (UEVs) of primary services and resources as CFs for LCIA to evalu-
ate the physical contribution of EGSs in supporting life cycle processes. Having its roots in
thermodynamics and systems ecology, Emergy can appraise a larger and more diversified
(than LCA) number of EGSs through a common physical denominator, i.e. the solar emjoule
or seJ, which measures the solar energy embodied in natural products. Emergy thus has a
typical Nature-oriented perspective, accounting for the available energy that is used up by
the natural cycles, directly and indirectly, to generate biotic and abiotic resources. A library
of selected UEVs (more than 100) for biophysical EGS valuation has been framed including
values collected from the Emergy literature and formulated on the latest planetary base-
line (i.e. 15.2E + 24 seJ/yr). Advantages and limitations for future application of these values
toward an LCIA mid-point impact characterization of Emergy are discussed. UEVs may repre-
sent mid-point LCIA factors for ecological contribution analysis, enabling one to account for
the memory of energy previously required to produce EGSs, which can be used as a proxy
to assess the future environmental work necessary to regenerate the used EGSs. However,
the added value of Emergy for LCA is still debated, mainly because of the low accuracy and
unclear meaning of the UEVs in relation to the availability of resources. Therefore, Emergy
can be conceived as a suitable physical measure complementary to the economic valuations
and current “user-side” tools applied in LCA.

1 Introduction

The Millennium Ecosystem Assessment,
which is the worldwide reference and most
comprehensive survey presenting the state
of Earth’s ecosystems, defines and classifies
the ecosystem goods and services (EGSs)
into four domains as follows [1]: provision-
ing services (i.e. products directly obtained
from ecosystems, e.g. freshwater, fossil fuels
and minerals, timber, food, genetic resources

and wild plants, natural medicines), support-
ing services (i.e. services required to deliver
and support all the other ecosystem ser-
vices, e.g. soil formation, primary produc-
tion, photosynthesis, nutrient cycling), reg-
ulating services (i.e. benefits obtained from
the regulation of ecosystem processes, e.g.
air quality regulation, water purification and
regulation, climate regulation, erosion reg-
ulation, pest and disease regulation, polli-
nation, carbon sequestration), and cultural
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List of acronyms

AoP Areas of Protection
CFs Characterization Factors
EGSs Ecosystem Goods and Services
Em$ Emdollars
EmR Emergy-to-money Ratio
ESV Ecosystem Services Valuation
GDP Gross Domestic Product
HH Human Health
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LU Land Use
NE Natural Environment
NR Natural Resources
PDF Potentially Disappeared Fraction
UEV Unit Emergy Value

services (i.e. cultural, spiritual, religious,
recreational and other non-material benefits
people may obtain from ecosystems).

Whereas EGSs are of crucial importance
for the production of commodities and for
the economic and social development of
human communities [2, 3], their value ac-
counting is usually neglected by the conven-
tional economic and social-based indicators
(e.g. Gross Domestic Product-GDP) and also
by the most used environmental impact as-
sessment methodologies, such as Life Cycle
Assessment (LCA).

LCA is a widely accepted and standard-
ized methodology to evaluate the life cycle
environmental impacts of systems and prod-
ucts [4,5]. The Life Cycle Impact Assessment
(LCIA) is the downstream phase of a LCA
where the life cycle inventoried environmen-
tal interventions (i.e. elementary flows of re-
source extractions and pollutant emissions
modeled within the Life Cycle Inventory-
LCI phase) are converted to potential im-
pacts and damage through the use of specific
Characterization Factors (CFs).

The LCA method is facing a number
of challenging improvements to define new
CFs for LCIA at the mid-point (potential im-
pact) and/or end-point (damage) levels of
the cause-effect chain. The LCIA reflects the
values defined as three areas of protection
(AoP): “Human Health” (HH), “Natural Re-
sources” (NR) and “Natural Environment”
(NE) [4, 6]. Whereas there is a general

acceptance on the scope of the first AoP,
the evaluation of NR and NE remains a
highly debatable issue. A clear distinction
between these two AoP does not exist, be-
cause they are intrinsically linked [6, 7]. The
extraction of resources, such as mineral de-
posits, fossil energy carriers, fish, trees and
water has many repercussions on the en-
vironment. The extracting activity in itself
(e.g. mining, forestry, fishery) can also re-
lease toxic emissions, create noise, damage
the landscape, etc., which are dealt with un-
der other AoP [6]. Moreover, the definition
of the NR AoP has not yet been properly
formulated, because it may rely upon sev-
eral issues. First, it is not clear whether the
damage should be evaluated only for the re-
moval of resources that are necessary for hu-
man purposes (i.e. anthropocentric and util-
itarian perspective) or should also include
aspects of protection for the other species
and ecosystems (i.e. Nature-oriented per-
spective). For instance, while humans could
live without trees in some regions, squir-
rels and other mammals and insects cannot
survive without the existence of trees [6].
Second, there are high degrees of uncer-
tainty in forecasting future availability of re-
sources and functioning of ecosystem ser-
vices, which have inherent effects on their
scarcity and damage. This is basically due
to partial agreement and/or scarce knowl-
edge about future technologies of extraction
and resource consumption behaviors, which
mostly depend on the human population
growth and needs in developing countries.
The AoP of NR is therefore addressed to as-
sess the damage to the productivity of the
ecosystems, i.e. the damage to resources or
ecosystem goods.

Accordingly, several LCIA indicators
have been developed to evaluate the role of
resources for human purposes e.g. [8–15].
The most recommended approach is based
on the notion of scarcity, which is assessed
by evaluating the future marginal cost of
extraction/use of the resources [14, 15]. Ba-
sically, it is assumed that extracting a high
concentration of resources today will force
future generations to extract a lower con-
centration or lower value resources [6]. This
results in the need for additional efforts, i.e.
higher energy or costs, which leads to an
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increased impact on the environment and
economy [6, 14, 15]. With regard to the AoP
of NE, the aim is to quantify the negative
effects on the function and structure of nat-
ural ecosystems as a consequence of ex-
posure to chemicals or physical interven-
tions [6]. This end-point impact is usually
addressed by applying the potentially disap-
peared fraction (PDF) of species, which is the
recommended indicator to quantify the loss
of biodiversity due to chemical exposure [6].
However, the PDF indirectly depends on the
Land Use (LU), which is a mid-point impact
category that may also be used to account
for the availability of resources, thus influ-
encing the AoP of NR. Indeed, the LU re-
flects the damage to ecosystems due to the
effects of occupation and transformation of
land [6] and is currently considered as the
starting point to improve the approach of
EGSs evaluation in LCA.

Very recently, comprehensive work con-
ducted under the UNEP/SETAC Life Cy-
cle initiative [16] has been completed with
the goal of providing a set of LCIA meth-
ods and spatially differentiated CFs for
LU (i.e. land occupation) and LU change
(i.e. land transformation) impacts on bio-
diversity and ecosystem services in a com-
prehensive way to assess e.g. biodiversity
damage [17], climate regulation [18], bi-
otic production [19], erosion and freshwa-
ter regulation, and water purification poten-
tial [20]. Despite this great effort, however,
the implemented methods still only assess
a “potential” impact at the mid-point level,
whereas the actual damage to ecosystem
functionality and productivity and the rela-
tion between different EGSs and the AoP of
NR and NE remain undefined and a chal-
lenge to achieve. One of the main goals
reached by the UNEP/SETAC Life Cycle ini-
tiative is the definition, harmonization and
ranking of a large set of LU and LU change
elementary flows created as a common in-
ventory database for both global and local
assessments. This is undoubtedly a great
achievement toward a standardized classifi-
cation and regionalization of LU inventories
and impact assessment methods, because
it provides for the first time the necessary
flexibility to providers of inventories and to
developers of impact assessment methods

and overcomes the problems of mismatch-
ing definitions between the two [21]. How-
ever, the LCA method also shows weak
points related to the completeness of inven-
tory for EGSs. Conventionally, the evalua-
tion of EGSs in LCA has been focused only
on a few provisioning services or ecosystem
goods [7–22], neglecting to account for regu-
lating, supporting and cultural services. For
example, the largest LCI database world-
wide, i.e. Ecoinvent [23], accounts for hun-
dreds of ecosystem goods (e.g. mostly fos-
sil fuels and minerals, and few elementary
flows of freshwater, wood and renewable en-
ergy), but does not model any link to other
ecosystem services such as water and cli-
mate regulation, nutrient cycles, pests and
diseases, pollination, soil formation, photo-
synthesis, etc. These EGSs are crucial for
the production e.g. of agri-food and forestry
products, but they are ultimately not inven-
toried by using physical metrics in LCI.

Beyond LCA, other environmental ac-
counting tools have been developed to as-
sess the value of ecosystems. For example,
the Emergy analysis method developed
by H.T. Odum [24, 25] is considered one
of the most comprehensive common de-
nominators for biophysical evaluations of
EGSs [26–31]. Indeed, emergy measures
the human and environmental work previ-
ously required to generate products and ser-
vices [25]. In other words, Emergy encom-
passes the entire system boundaries of the
Earth, because it accounts for the ultimate
independent sources of energy that feed all
the natural cycles: sun, tides and crustal heat.
Emergy is thus able to approximate the en-
vironmental work necessary to replace what
is used, presenting a unified measure of re-
source consumption, i.e. the solar energy
directly and indirectly driving all geobio-
sphere processes [32]. The unit emergy value
(UEV) represents the conversion factor to
calculate the Emergy content of any kind of
good or service. For LCA purposes, inter-
est is addressed toward the use of UEVs as
CFs for LCIA based on Emergy [10, 32, 33].
In such a way, the use of Emergy principles
could benefit and expand the calculation of
EGSs in LCA [34, 35].

The aim of this work is to outline pos-
sible research paths in the analysis of the
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contribution of EGSs to life cycle products
by using the Emergy method. Accordingly,
the rest of the paper is organized as follows:
the Emergy accounting procedure is briefly
illustrated and a state-of-the-art is then given
with regard to the main attempts performed
to valuate EGSs with an Emergy-oriented
approach. Afterwards, a library of UEVs
for EGSs mid-point assessment is provided,
where values are collected from the litera-
ture and their meaning investigated in ac-
cordance with the requirements of the most
used LCI databases. Finally, conclusions are
drawn according to the main limitations,
advantages and possible follow-ups of the
methodology.

2 Emergy concept and evaluation
procedure

In its conventional definition, Emergy,
spelled with an “m”, represents the of avail-
able energy used up in the entire chain pro-
duction and incorporates the solar energy
previously required to generate a product
and/or to support a system and its level
of organization [25]. Emergy is indeed the
memory of the (solar) energy that has been
used in the past or accumulated over time,
or the memory of the geobiosphere Exergy
provision (environmental work) related to
economic systems via the use of natural re-
sources [36,37]. Emergy stems from the qual-
itative and quantitative consideration that
all different forms of energy can be hierar-
chized and measured with the common met-
ric of the solar emjoule (seJ) [24, 25]. To con-
vert material and energy items into seJ, the
method uses a conversion factor called trans-
formity or unit emergy value (UEV), which
is the Emergy required to make one unit of
a given product or service [24, 25] (see later
in Sect. 3).

The calculation of UEVs is rooted in
the “Baseline” concept [38, 39]. This concept
states that resource stocks and flows are co-
products of the same global Emergy bud-
get (i.e. baseline) that drives all geobiosphere
processes (see Fig. 1). The Emergy baseline
is the sum of solar radiation Emergy, tide
Emergy, and geothermal heat Emergy. In or-
der to assign an Emergy value (i.e. equiva-
lents of joules of solar energy) to these three

different sources, a number of (linear) bal-
ance equations are initially applied [38, 39].
As a result, the Emergy of 1 unit of tidal en-
ergy absorbed and of 1 unit of crustal heat is
72 400 and 20 300 times higher, respectively,
than the emergy of 1 unit of solar energy
absorbed [39]. This means that 72 400 and
20 300 joules of solar energy are assumed to
make, respectively, 1 joule of tidal energy
absorbed and 1 joule of energy from crustal
heat sources. The total annual baseline is
therefore composed of 24% of solar Emergy,
54% of tidal Emergy, and 22% of geothermal
Emergy. As described in Section 3, the base-
line is used to quantify the different EGSs
with a hierarchical perspective (i.e. the larger
the amount of the ecosystem good or service,
the lower the UEV). Since the UEVs are ap-
plied afterwards to convert the energy and
material inputs to human products and sys-
tems into seJ, other UEVs are then quanti-
fied in cascade (i.e. input Emergy divided
by the output) and can be used for further
applications.

3 Emergy and ecosystem services

Ecosystems are supported by continuous
flows of Emergy, which ensure their func-
tioning and dynamics and the provision
of goods and services to sustain humans
and other species. Emergy is thus consid-
ered to have “donor” features, because it
expresses the role of a free ecological con-
tributor to global and local equilibria in the
geobiosphere. The anthropic technosphere is
a primary receiver of, and strictly depends
on those “not priced” Emergy inputs from
the ecosystems. However, the role of hu-
mans in the geobiosphere is strongly utili-
tarian and not counterpart to that of other
species. As a result, ecosystem goods and
services are acknowledged only for the bene-
fit they can give to technology development,
which means the value of natural resources
is weighted on their unique quality of being
competitive for human purposes (e.g. quan-
tity of Energy or Exergy that can be used
or extracted). Therefore, the willingness to
pay for the ecological contributions is based
only on the intrinsic ability of the ecosys-
tem services to provide benefits for humans,
while the remaining but essential rucksack
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Fig. 1. Hierarchical web of components in the Earth’s geobiosphere, connected by flows of available
energy independently supplied by sunlight, deep heat and tide sources (source: [39]).

of complexity, information, ability to sup-
port other species and to regulate natural
equilibria, in other words “the natural ef-
fort”, is usually neglected. Emergy attempts
to overcome this lack.

Many studies have suggested Emergy
as a promising tool to support environ-
mental management actions and public
planning policies, because of its ability to
characterize the dynamics of territorial sys-
tems e.g. [40, 41]. According to Odum and
Odum [30], Emergy-based valuation would
avoid neoclassical approaches that “would
not capture real contributions of ecosystems
and could delay the organization of a sus-
tainable pattern of environment and peo-
ple”. Conventional approaches related to
ecological economics, such as willingness-
to-pay based on the contingent valuation
method, usually capture the value of ecosys-
tem entities narrowly and anthropocentri-
cally, while in contrast, Emergy tries to esti-
mate their ecocentric value [29, 42]. Several
authors have attempted to estimate this
value from a physical perspective. During
the past decade, Ulgiati, Brown and co-
authors tried to determine the natural capi-
tal required for the development of human
systems [28, 43, 44], and also to estimate

the ecosystem services necessary to sup-
port waste dilution and abatement [45].
Watanabe and Ortega have recently quan-
tified several UEVs for ecosystem services
related to water, carbon and nitrogen cycles
on the global scale [29]. Other scholars ac-
tively contributed to give insights on how to
assess the EGSs’ influence on a high diver-
sity of natural and human-driven systems
from a biophysical Emergy perspective, such
as wastewater treatment performances [46],
estuarine ecosystem networks [47], river di-
versions [48], and peri-urban systems [49].
For this latter, in particular, the authors pro-
vided a comprehensive land cover change
analysis to assess the decrease in EGSs provi-
sion on a very local scale, providing method-
ological findings in terms of effective spa-
tial plans for controlling urban growth while
protecting ecosystem functions. A study of
linked relevance to this context is that per-
formed by Montesino, who tried to explic-
itly account for the Emergy of several EGSs
(i.e. biomass production, pollination, pest
control, erosion control, nitrogen cycle, wa-
ter cycle, carbon sequestration, biodiversity,
aesthetic services) required in Danish agri-
cultural systems of energy crops [50], pro-
viding a sort of “mid-point” assessment.
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Emergy analysis is also able to inte-
grate, in seJ, all flows within a system of
coupled economic and environmental work,
facilitating direct comparisons between nat-
ural and human-made capital [25, 51, 52].
Because goods and services are exchanged
in the technosphere by means of money,
Emergy adopts an artificial method to con-
vert the seJ into the regional currency in
order to estimate the apparent cost of eco-
logical contributions to human processes.
Accordingly, the Emergy-to-money Ratio
(EmR, in seJ/$ or other currency) has been
implemented, which is the ratio of Emergy
use in a country or a region to its GDP. The
EmR estimates the amount of Emergy that,
on average, is necessary to obtain one unit
of money produced in a region, and there-
fore it represents the environmental cost as-
sociated with the economic wealth of that
region. The output Emergy can be divided
by the average EmR of an economic system
to translate the seJ into Emdollars (Em$).
Therefore, the Em$ becomes a metric fa-
miliar to the market language and makes
Emergy comparable with cost-benefit and
economic analyses [25–27, 52].

Several Emergy studies have been per-
formed to evaluate the cost of EGSs in terms
of Em$. For example, Tilley and Swank [53]
investigated in depth the benefits provided
by the wine spring creek (WSC) forested wa-
tershed (southern Appalachian Mountains
of North Carolina, USA) for the local econ-
omy, environment and society, while Cohen
et al. performed an in-depth investigation
of the Emergy environmental and economic
costs of soil erosion losses on different scales
in Kenya [51]. Odum et al. [54] quantified
the net public benefit of reforestation alter-
natives in Puerto Rico, finding that natural
wealth accumulated to a level 15–25 times
the money invested in the 10–20 yrs required
for canopy closure. Other authors, instead,
studied dam construction projects, which of-
ten induce significant ecological and envi-
ronmental change, to assess how the func-
tional benefits of water supply, flood control
and power production compare with ecosys-
tem and agricultural losses [55, 56].

More recently, Pulselli et al. [27] com-
pared the Emergy outcomes of EGSs analysis
with those resulting from the application of

conventional techniques of ecosystem ser-
vices valuation (ESV) as provided in refer-
ence [3]. They found that, globally, Nature
contributes to humans not only more (as in
Ref. [3]), but in a more efficient way, than
all the world’s economic infrastructures [27].
So far, Emergy would not be an alternative
method to ESV techniques, but rather a com-
plementary and systemic approach to high-
light the mechanisms of service production
by different systems [27]. Indeed, current
economic ESV methods consist of “internal-
izing externalities” by devising approaches
to value non-market-traded goods and ser-
vices [57]. Odum and Odum [30] suggest
that we need to “externalize the internali-
ties” by using solar energy as the basis for
valuing goods and services provided by our
natural and human environments; therefore,
Emergy could potentially fill a significant
gap in adequately valuing EGSs and man-
aging natural environments better. The Em$
might be a useful metric to assess the end-
point framework in the use of EGSs. How-
ever, its meaning and effectiveness for envi-
ronmental policies must be better clarified
and more widely accepted.

4 Emergy-based mid-point
LCIA factors

As mentioned before, Emergy is able to dis-
tinguish and compare the work done by hu-
mans with the work done by Nature. Both
of them can be accounted for in joules of
equivalent solar energy, and portions of re-
newability and non-renewability depicted.
As a result, a large number of UEVs for nat-
ural and technological products are made
available. In the former case, the effort of
Nature in generating the ecosystem good or
service is quantified per unit of product (i.e.
biosphere resource UEVs), while in the lat-
ter case, the amount of natural investment is
added to the amount of human investment
to produce the final market good or service
product (i.e. technosphere product UEVs).

To obtain technosphere product UEVs
with a LCA perspective, the biosphere re-
source UEVs can be retrieved and used
as CFs, thus allowing an Emergy-based
LCIA [10]. The resource UEVs are usu-
ally representative of large-scale natural
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processes or global cycles. An established
procedure to set for the flows (i.e. inputs
of elements, raw materials, natural energy
carriers, and outputs) to be included in the
UEV inventory does not exist, due to the
large complexity of the natural systems:
modeling for ecosystem dynamics is inher-
ently very complex and subject to high de-
grees of uncertainty.

The approach of accounting for a UEV or
a group of UEVs of EGSs is based on vari-
able paths and assumptions. The current ac-
cepted and common feature remains the use
of the “baseline”. Since solar energy is the
primary source that feeds all processes and
cycles on the Earth, inputs to a process can
be normalized to a common unit, i.e. the seJ,
which is the common (physical) numeraire
to account for the value of EGSs in Emergy.
Therefore, to assess the ecosystem contribu-
tion to a life cycle production system, all in-
puts of EGSs can be converted into Emergy
flows via

UEVi = CFi =
S
Fi

(1)

and

Fi =
Qi

ΔTi
(2)

where UEVi is the Unit Emergy Value of the
ith ecosystem good or service flow (in seJ/g,
seJ/m3, seJ/J, etc.), which can be adopted
as the characterization factor (CFi) for mid-
point Emergy-based LCIAs; S is the Emergy
baseline (=15.2E + 24 seJ/yr; see [38, 39] for
the comprehensive mathematical derivation
of this number); Fi is the annual provision (or
amount) of the ith ecosystem good or service
flow on the global scale (in g/yr, m3/yr, J/yr,
etc.); Qi is the estimated storage (or global ca-
pacity) of the ith ecosystem good or service
(in g, m3, J, etc., in particular with regard to
provisioning services or resources); and ΔT
is the turnover time or estimated regenera-
tion rate, in yrs (accordingly, a renewable re-
source is assumed when ΔT = 1 yr). In this
connection, the notion of time is usually re-
ferred relatively to the state of the geological
or biological (estimated) time of formation,
which corresponds to the turnover time of
the resource as being potentially regenerated
from scratch (e.g. 5.19E+ 08 yrs in the case of
granitic rock, [25]). The variables expressed

in equations (1) and (2), in particular with re-
gard to the amount of stock of the resources
(e.g. groundwater, crude oil or iron reserves
on the global scale), can be retrieved from
the extant literature on global geobiosphere
processes and Earth cycles (see in [25,28,39]
for a more in-depth overview of the avail-
able sources). Therefore, their accuracy and
representativeness depends on the quality of
estimations included in those sources of bio-
geophysical and natural resource datasets.

In the Emergy literature, a large num-
ber of UEVs of natural resources is avail-
able [10], such as for water flows and stor-
age [58], renewable energy resources such
as wind or geothermal heat, biomass re-
sources, different kinds of minerals and fos-
sil fuels [25, 38, 59]. A summary of resource
flow UEVs has been provided by Brown
and Cohen [60]. Recently, UEVs were cal-
culated for a large number of metal ore re-
sources [61]; besides this, the calculation for
fossil resources of gas, crude oil and coal
was also upgraded [62]. These are all ecosys-
tem goods that can be regarded as provi-
sioning services and further used for LCIA
purposes. Accordingly, the most used LCI
databases such as Ecoinvent [23], or the re-
cent International European reference life
cycle database (ELCD) [63], usually include
a large number of resource extraction ele-
mentary flows, both of biotic and abiotic
nature. In Table 1, a simplified illustration
of these two LCI databases with regard to
provisioning services (i.e. elementary flows
of resource) is reported, with a compari-
son in terms of number of ecosystem goods
accounted for and levels of classification
(i.e. category detail). Both the datasets in-
clude a large number of flows (i.e. #287 and
#165 in the Ecoinvent v2.2 and ELCD, re-
spectively), but the focus is mainly on non-
renewable resources such as minerals, met-
als and fossil fuels. The evaluation of biotic
flows as well as water and renewable en-
ergy is quite scarce in both cases. Moreover,
while Ecoinvent accounts for many flows
of LU (more than 130), the ELCD explicitly
distinguishes between non-renewable and
renewable resources.

In Table 2, an extensive library of UEVs
of EGSs is provided, which might be used
as mid-point characterization factors for
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Emergy evaluation in LCIA. The UEVs
are grouped into the four categories of
provisioning, supporting, regulating and cul-
tural services. Each UEV has been collected
from the most recent Emergy literature and
re-set (when not already given as such)
on the latest quantified planetary baseline
(=15.2E + 24 seJ/yr, [39]). This library rep-
resents a preliminary version, including a
limited selection of UEVs (more than 100 el-
ementary flows). Most of them can be re-
garded as provisioning services. Of course,
other studies might be consulted in the fu-
ture to update this list and to provide more
specific UEVs. The time frame is not consid-
ered (there is not a reference year of calcula-
tion), while a rough reference condition for
the spatial scale is provided (from global to
local, when available).

5 Outlook on limitations
and advantages

By definition, Emergy aims to extensively
account for natural processes, both at the
global (e.g. atmospheric processes, land up-
lift, ocean current circulation) and regional
scales (e.g. water runoff, soil erosion, surface
wind, precipitations) [38, 52]. Despite this
stated aim, the use of the baseline concept
does not provide enough accuracy and de-
tail on which processes are actually consid-
ered and how. Literature studies, rather than
overtly rebut the baseline concept, provide
a number of baseline values where compo-
nents (i.e. sun, tide, geo) are weighted differ-
ently [25, 38, 39, 66]. Sciubba identified sev-
eral uncertainty issues behind the Emergy
calculation of the three primary inputs to
the geobiosphere, highlighting the potential
ability of Exergy to compute the real “cost”
of each component to the biosphere [67].
Since UEVs are calculated through a sort of
pyramidal process starting from the base-
line, it is not surprising to find large in-
consistencies in Emergy results, in particu-
lar when comparing systems that use differ-
ent baselines at different times and on dif-
ferent spatial scales [66]. As a consequence,
it is not necessarily obvious that Emergy
is the appropriate indicator to estimate the
environmental work required to regenerate
what has been consumed, because the future
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temporal (and spatial) conditions for re-
source formation are likely to be very differ-
ent from those of the past. Furthermore, UEV
calculation is based on rather crude assump-
tions and results are therefore seldom repro-
ducible [36,42,67] and cannot be validated a
posteriori. In this respect, Emergy and LCA
share the same limitations. However, due to
its “memorization” (and non-conservative)
character, Emergy is intuitively even more
dependent on the degree of detail at which
the system under study is described than
LCA [34]. How to deal with the different un-
certainty issues related to the calculation of
UEVs is further discussed in [35], where the
use of matrix inversion principles is recom-
mended to calculate more consistent UEVs
to avoid applying the baseline.

The effect of using the baseline also
has further relevant impacts downstream in
the EGS-UEV calculation. First, spatial and
temporal variability is not included within
the UEV models, which are assumed to
be in steady-state conditions for a refer-
ence (undefined) year of EGS production
and without specific downscaling proper-
ties to regional boundaries, i.e. the UEVs
are representative of “average” global con-
ditions. As a consequence, the Emergy value
of EGSs that have a meaningful dependence
on the regional scale, such as some provi-
sioning (e.g. freshwater availability or bi-
otic resources) or supporting (e.g. pollina-
tion) services, cannot be representative of the
different local conditions around the globe.
Second, the Emergy accounting procedure
usually models the Emergy input associated
with local resources (e.g. rain, sun) in such
a manner that the Emergy input to a system
does not fully contribute to the system de-
velopment but instead a fraction is usually
exported [68]. In this regard, we argue that
only the equivalent (solar) energy that was
actually needed to generate a given resource
should be accounted for to give a more con-
sistent evaluation of how much available en-
ergy is embodied in the UEV [35]. Finally,
by using the baseline, the notion of “his-
tory” of resource formation (i.e. the account-
ing for solar inputs over geological time
scales; [42]), as apparently stems from the
definition of Emergy as the available energy
of one kind used up directly and indirectly to

generate resources and products [25], seems to
be completely missing. This is particularly
true for most of the EGSs whose turnover
time is greater than one year, those which
are usually considered as non-renewable,
i.e. minerals, metal ores, topsoil, groundwa-
ter, etc. Indeed, assigning with a top-down
perspective a global production value (i.e.
the baseline) to the annual flow of the re-
source (see Eq. (1)), means neither assess-
ing how much available energy is memo-
rized within the “life cycle” chain upstream
of that ecosystem good or service, nor even
being able to approximate the environmen-
tal work required to replace it in the future.
The assumption that all the different biogeo-
chemical flows, on the global scale, are co-
products of the same annual contribution of
solar Emergy (i.e. the baseline) makes the
UEVs different solely because of the relative
amounts of the flows on the globe. As a re-
sult, the lower the amount of the EGS flow
(which of course depends on the ratio be-
tween stock and turnover time, see Eq. (2))
the higher the UEV, but without a clear link
to the actual effort invested by Nature in gen-
erating that flow, which remains eventually
unknown. Hence, it seems inappropriate hi-
erarchizing UEVs of EGSs and considering
them as indicators of “natural” efficiency.

On the other hand, the LCA method is
less consistent than Emergy in the account-
ing for EGSs, where a limited number of
EGSs is currently considered in LCIs [22]
(compare Tab. 1 vs. Tab. 2). While Emergy
attempts to evaluate the energy memory as-
sociated with information and with ecosys-
tem services (e.g. provisioning and regulating
services such as rain, tide and evapotran-
spiration, or supporting services such as
soil formation and photosynthesis [22, 27–
30, 51, 52]), LCA does not generally account
for those inputs because they are not specifi-
cally required/solicited by the economic sys-
tems, and are assumed to be freely avail-
able and not scarce. This approach indeed
stems from the user-side perspective of LCA
as compared with the donor-side perspec-
tive of Emergy. As a result, the combination
of UEVs with existing LCI databases is not
a trivial task, because of the complexity of
the natural systems behind them and the
missing inputs, which indeed are proven to
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sustain human economies and should not
be disregarded [35]. Research is ongoing in
the LCA community to deal with this is-
sue [7, 16–21]. It is expected that the sys-
tem boundary of LCI will be enlarged in the
near future with inclusion of a meaningful
set of ecosystem services [69], where even-
tually the UEV library outlined in Table 2
might be harmonized.

6 Conclusions

As the “usefulness” of numerous, indirect
EGSs remains unidentified, their contribu-
tion is likely to be minimized by using more
traditional approaches based on solely mon-
etary units (e.g. contingent valuation, will-
ingness to pay). A relevant indicator for
LCIA needs to accept scope enlargement and
refining. Emergy accounts for the ecosys-
tem contribution invested in order to ob-
tain a product and therefore can potentially
provide insightful information on the long-
term sustainability of human processes [32].
The integration of Emergy into LCA might
deliver a paradigm shift to the latter, by
providing an assessment perspective larger
than the common anthropocentric one, to-
ward a Nature-oriented evaluation of nat-
ural resource use. Emergy appears as a
complementary approach to LCA, because
it goes beyond the accounting for natural
resources by evaluating the environmental
work needed for their formation. It pro-
vides a unique common metric of evalu-
ation (i.e. the seJ), which enables one to
put all EGSs on the same scale. However,
Emergy has been strongly criticized due to
its lack of overall consistency, which has
hampered its acceptance and use during the
past years [35, 36, 42, 67, 68, 70, 71]. It has
been observed that the integration between
Emergy and LCA is feasible but limited by
a number of uncertainty elements and by an
unclear definition of the resource UEV cal-
culation [37].

Despite the fact that the use of the ex-
tensive perspective of Emergy seems crucial
to evaluate in LCA the support provided
by ecosystem functions to technological pro-
cesses [32], there is a strong need to stan-
dardize the calculation procedure of EGSs
in Emergy before including it in LCA, in

particular with regard to the regulating and
cultural services’ categories [22]. Indeed, the
Emergy content (or UEV) of EGSs does
not apparently have a direct or tangible
value for humans due to the not completely
clear meaning of the “donor- or ecological-
oriented” definition of Emergy. The concept
of ecosystem services ultimately embodies a
user-side perspective. The cultural services,
in particular, can be perceived as even more
mankind-centered because they are directly
beneficial only for humans, while other EGSs
such as water regulation or pollination, in
turn, directly influence the well-being of
non-human species, while only indirectly
providing benefits to humans. Commonly,
when comparing systems, it is indicated that
“the higher the UEV, the lower the efficiency
of the process but the higher the quality of
the product, because larger environmental
cost can be associated with it”. However,
this might not be always the case and the
value of Emergy results should not be gen-
eralized as such. A lower UEV means that a
lower amount of natural inputs (e.g., rain) is
bestowed by the geobiosphere to obtain the
final EGS or the same amount of inputs is
necessary to obtain more quantity of a nat-
ural resource. Accordingly, we cannot state
whether this lower amount of natural inputs
is also a marker of less environmental im-
pact, because the amount of environmental
work can neither be related to the notion of
scarcity nor interpreted as an entity valu-
able per se to be protected. In the conven-
tional interpretation, however, the UEV is
considered a measure of the scale of en-
ergy convergence, whereby higher UEVs are
commonly associated with higher “environ-
mental impact” following a sort of precau-
tionary principle.

Scientists from the Emergy commu-
nity, for instance through interdisciplinary
studies (e.g. ecological network analysis,
resilience, ascendency e.g. [72–75]), should
insist on trying to clarify the rationale be-
hind the UEV as an indicator, which despite
the potential seems to be coarsely used. Re-
search is ongoing to refine the UEVs for el-
ementary flows of EGSs, to harmonize the
calculation procedures with regard to the al-
location principles, which are quite different
in Emergy than in LCA models [34], and to
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expand the scope of the LCI system bound-
aries [35]. The Emergy-based mid-point
impact characterization approach illustrated
in this paper can provide, in the end, useful
insights on how to face these constraints and
future challenges.
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