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a b s t r a c t

The linear path “extraction-production-consumption-waste”, imposed by humans to natural ecosystems,
where all material flows are instead circular, has become unsustainable. Understanding the potential
value of some of these “by-products”, in order to exploit them effectively in a biorefinery perspective,
may help overcoming resource shortages and decrease environmental impacts. This study investigates
energy and resource restoration from animal by-products. The slaughterhouse waste undergoes a
rendering process to separate residual meal and fat. The latter is combusted in a co-generation plant to
produce electricity and heat. The process is carefully assessed using Emergy Accounting approach with
the aim of evaluating benefits and environmental load of the process considering the advantages ach-
ieved compared with the demand for ecosystem services and natural capital depletion. Moreover, the
case aims at exploring three different methodological assumptions referring to the upstream burdens
carried by the waste management system, proposing a modified exergy-based allocation rule. The
electricity generated shows performances in terms of Unit Emergy Values ranging between 2.7Eþ05 sej/J,
2.2Eþ06 sej/J and 3.1Eþ07 sej/J among the different cases investigated, comparable to power from fossil
fuels and renewables sources, and it provides an environmentally sound alternative to conventional
waste disposal.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Human pressure on the environment has reached major rele-
vance in recent times, due to the participation of human activities
contributing to the overall pollution of the planet mainly in terms
of depletion of limited resources and waste generation. This is
weakening the ability of ecosystems to naturally mitigate the im-
pacts, though incentives from market and constraints from gov-
ernments are influencing companies to improve their processes for
the achievement of economic and environmental targets (Brown
and Ulgiati, 2002; CDP, 2017; He et al., 2018). Human-dominated
and Technology, Parthenope
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technological systems are not capable of recovering their inevi-
table produced waste flows, following the linear pattern “take-
make-dispose”; conversely, in natural ecosystems, waste or by
product of one process is used as an input into another process,
hence materials and energy continuously loop through different
processes (Gala et al., 2015). Waste generation and consequent
disposal (i.e. landfilling as disposal method of about 67% of the total
collected MSW worldwide according to United Nations Statistics
Division, 2011) inevitably affect the environment as well as the
human health, calling for enhanced waste management strategies.
Besides, the consumption of energy at global level became twice as
much between 1971 and 2001 (Talebian-Kiakalaieh et al., 2013) and
it is expected to show a 48% increase by 2040 (Wan Alwi et al.,
2016). According to Global Footprint Network in 2012, the Earth’s
total bio-capacity (intended as the limit of the biosphere to provide
support and take in waste) was 12.2 billion gha, while humanity’s
Ecological Footprint was 20.1 billion gha and currently humanity is
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taking advantage of world’s stocks of natural assets generated in
earlier times (Odum, 1973; WWF, 2016). The direct and indirect
demand of resources (i.e. oil, chemicals, minerals, treatment of
human residues) is depleting natural capital storage (Agostinho
et al., 2013). In this respect, material circularity is a crucial area in
the search for alternatives for fossil based raw material and energy.
Circularity implies increasing energy efficiency and reducing fuel
consumption and resource depletion, achieving also a decrease of
greenhouse gases (GHG) emissions for energy generation, mobility
and heating (Giampietro et al., 2012; Martire et al., 2018). Then,
consumption-oriented concerns and energy planning should better
support climate policies. Achieving better efficiency in a sustain-
able development perspective should include a better efficiency, in
an ecological perspective, in the handling of waste (Corcelli et al.,
2017; Díaz-Villavicencio et al., 2017). Sustainable development is
assessed also through the lens of eco-efficiency, as analytical and
quantitative approach, with the aim of maintaining and improving
the value of products, while reducing resource consumption
(Caiado et al., 2017). Since the largest contribution to GHG emis-
sions comes from the energy sector, it becomes crucial to imple-
ment emissions reduction strategies from this sector (Eurostat,
2012; Evangelisti et al., 2015). Lignocellulosic residues, exhaust,
cooking oil and animal waste proved to have potential to be con-
verted into biodiesel for fossil fuel replacement and decreased GHG
emissions The results have shown that a large variability is asso-
ciatedwith the nature of the oil used for biodiesel production (Chen
et al., 2018; Jørgensen et al., 2012). In this context animal fat waste
(AFW) have gained great interest as profitable alternative to
vegetable oils for biodiesel making (Adewale et al., 2015; Alptekin
et al., 2015; Behçet et al., 2015; Chakraborty et al., 2014) or for
direct combustion in power plants. Animal fat waste is a relevant
side product of the meat processing industry for human con-
sumption. 2002/1774/EC defines animal by-products as the fraction
of animals and animal products not destined to human nutrition.
An enormous generation of organic waste is thus caused by food,
drug, cosmetic and leather industries, among others, potentially
source of dangerous pathogens (Devaraj et al., 2018). Almost 50% of
livestock becomes by-products, which still keep a useful fraction of
energy available (animal fat: 3.98Eþ04 J/g average, animal meal:
1.85Eþ04 J/g average) (Ariyaratne et al., 2010; Haines, 2004; Kumar
et al., 2006). Jayathilakan et al. (2012) show how a great variety of
products and commodities can be obtained from the proper man-
agement, through different processes, of animal waste and by-
products (i.e. chemicals and pharmaceuticals from blood and
gelatine, clothing from hides and skin, etc.), in a bio-refinery
perspective. A conventional refinery yields several petrol-based
fuel and products while a bio-refinery produces fuels, power, heat
and value-added chemicals from using as resource residual
biomass from agriculture, forests or industries (Forster-Carneiro
et al., 2013). Bio-refinery implementation should plan also a dy-
namic, growing network of already existing systems, avoiding the
creation of brand new complexes (Hagman et al., 2017).

The present paper explores, bymeans of the Emergy Accounting
approach (hereafter EMA, seeMaterials andMethods section below
for further details), the environmental performances of the pro-
duction of animal meal and fat from slaughterhouse waste, and of
the subsequent production of electric energy from processed ani-
mal fat, in order to comply with European waste directive (EC,
2008) and with the new Renewables, Energy Efficiency and
Governance legislation as established on 24 December 2018 (EC,
2018a, 2018b; 2018c). The proposed study complements, through
the specific environmental quality focus of the emergy approach, a
previous investigation of the same process carried out by means of
Life Cycle Assessment (LCA) method (Santagata et al., 2017). The
process, consisting of a rendering phase and an electricity
generation phase, has been analyzed under different emergy
algebra perspectives (allocation according to splits and co-products
features, see below), in order to understand how assumptions on
output flows affect the results. Moreover, considering a different
definition of co-products and by-products, a modified allocation
scenario is proposed after Brown (2015), where the total input
emergy is assigned to the animal by-products according to their
residual work potential (exergy) and related role in the down-
stream production processes. The range of environmental perfor-
mance indicators of the electricity, calculated under these different
assumptions, has been compared to the emergy indicators of the
Italian average electricity mix as well as to those of electricity ob-
tained by only using fossil fuels or photovoltaic (Brown et al., 2012).
Further comparison with EMA applied to municipal waste disposal
via landfill and incinerator (Cherubini et al., 2008) has been per-
formed. Beyond the novelty of the case-study, the main goal of the
present work is to explore different methodological options (elec-
tricity production versus waste disposal) implied by different as-
sumptions and burden choices, which affect the results. Materials,
when their potentials are used, disperse spatially to concentrate
once again in a distinct time and place. It is really important for
humanity, then, to adjust its production and consumption patterns
to the natural cycling material loops (Brown and Buranakarn,
2003). In particular, waste management systems are really com-
plex, thus requiring a peculiar attention when dealing with
assumption and methodological choices (Gala et al., 2015). The
present study shows how, being the waste on the verge between
consumption and production (via recycling), the results are very
sensitive to the framework applied for assessment. Moreover, the
amount of resource-generating environmental work needed per
unit of product or service delivered by a process, calculated through
EMA, can be interpreted as a new and more comprehensive mea-
sure of eco-efficiency.

2. Materials and Methods

The presented work used EMA as methodological framework.
Emergy is defined as the energy (of one kind) used in a system for
transformations (Brown and Ulgiati, 2004a; Odum, 1996). In EMA,
the boundaries are established at biosphere level. In so doing, the
whole supply chain (resource generation, processing and disposal),
is taken into account, together with the environmental contribu-
tion for the generation of storages and flows of natural resources
(renewable and non-renewable), flowing through the network
directly and indirectly supporting the analyzed system.

2.1. Case study description

The process presented is based in Campania region (Italy) and
managed by a company named Proteg S.P.A. This electricity gen-
eration process, delineated in Fig. 1, uses animal by-products, to be
processed, in order to obtain purified fat used as fuel for electric
energy cogeneration of about 5.1MW. A detailed explanation of the
process can be found in Santagata et al. (2017).

2.2. Emergy Accounting

EMA assesses the ecosystem support to a process. Specifically,
EMA allows to take into account quality differences among
different kinds of resources and energy, based on the work done by
the biosphere to generate them (Brown and Buranakarn, 2003;
Odum, 1996), also including human-dominated processes as an
integral part of biosphere.

EMA is a supply-side oriented method, since it accounts for
direct and indirect contribution to systems, considering also



Fig. 1. Flow chart of rendering and power generation processes (Santagata et al., 2017).

1 The unit sej is always written without capital J, being a shortening for solar
emjoule. Only when it is used in reference to the GEB, the unit is written as seJ, with
capital J. This is because the baseline amount still is the sum of available energy
flows (solar, gravitational, geothermal, measured as joule), all converted to solar
units on the basis of their thermodynamic characteristics (De Vilbiss et al., 2016).
Instead, when the GEB is used as the reference for calculation of UEVs over
biosphere processes, other aspects are included (time, evolution, convergence)
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contributions from labor and services. In fact, assessing an invest-
ment also means quantifying the unavoidable cost for a resource
replacement (Spagnolo et al., 2018).

The emergy unit is the solar emjoule (sej), defined as the cu-
mulative amount of available energy (with reference to the solar
kind) converging to create a resource, a product or a service. Solar
energy is doubtless the greatest source available for Earth’s pro-
cesses, thus it is reasonably used as the reference type of energy.
Resource generation virtually embodies the available energy flows
invested over time within the biosphere processes, taking into ac-
count both the evolutionary "trial and error" patterns as well as the
different quality of input flows (geothermal, solar, gravitational),
each quantified in terms of its equivalency to the solar radiation
flow. The "em-joule" term instead of just "joule" suggests much
more in terms of biosphere dynamics than just the heat content
expressed by a plain energy joule. Therefore, the total emergy (U,
Equation (1)) driving a process is used to quantify the total "envi-
ronmental production cost" of products, by summing up all the
inflows converging into the process itself (Brown et al., 2016;
Campbell, 2016). Based on the total emergy U and the process
yield (Y), the emergy investment per unit output can also be
calculated (Unit Emergy Value, UEV, generally expressed as sej/J or
sej/g, Equation (2)).

U¼ S fi * UEVi i¼ 1, …, n (1)

Where U represents total emergy, fi is the i-th inflow of energy or
matter, UEV is the Unit Emergy Value of the i-th inflow, n is the
number of supporting inflows.

UEV¼ U/Y (2)
Where Y is a process yield (output) expressed as joule, gram, or
other appropriate units. If the yield Y is measured in joule, as it is
the case with many energy flows, then the UEV is called "trans-
formity", defined as sej/J. The transformity of solar radiation is by
definition set equal to 1 sej/J.

All emergy values, including UEVs, are calculated with reference
to a Global Emergy Baseline (GEB), i.e. the total emergy that is
available annually to all the processes occurring within the
biosphere. In this paper all the UEVs are related to the GEB calcu-
lated by Brown et al. (2016), i.e. 12.0 Eþ24 seJ/yr1 (all UEVs calcu-
lated according to different baselines were converted by
multiplying them by the ratio between the GEB2016 and the relative
older baseline). Additional information about EMA can be found in
Appendix A.

The indices calculated in this study are the Emergy Yield Ratio
(EYR), the Environmental Loading Ratio (ELR), the Environmental
Sustainability Index (ESI) and the percentage of renewability (%
Ren). The definitions of these indices can also be found in Appendix
A.
2.3. Comparison between LCA and EMA

The assessment of efficiency and environmental performances
which requires a different unit to prevent misunderstandings (emjoule).



R. Santagata et al. / Journal of Cleaner Production 223 (2019) 536e552 539
of systems is still an essential point for the development of more
feasible production and consumption patterns. The criteria for
comparison of systems providing analogous services, is comparing
the resources demand per unit of output. To ensure reliability of
such comparisons, and to overcome the incongruences still present
in many published studies, a shared assessment standardization
should be adopted (Brown et al., 2012).

LCA and EMA show some common ground in the way they are
performed, mainly regarding the inventory phase and the results
understanding, but they also show non-negligible differences, LCA
looks at the process boundaries from cradle to grave with focus on
(renewable and nonrenewable) resource use under human control.
On the other hand, EMA, although focusing on the local system,
expands its focus over the biosphere space and time scales, also
accounting for the time embodied in resource generation, the free
ecosystem services, the evolutionary pathways over the resource
supply chain, the societal aspects embodied in Labor and Services
(L&S) applied. Since the emergy has been considered as an
Fig. 2. Different scale of interest in Life Cycle Asse
additional upstream cost and impact within a Life Cycle Impact
Assessment (LCIA), some researchers are trying to merge EMA into
LCA pieces of software and are pushing for increased standardiza-
tion of the method, in order to make it more easily useable taking
advantage of existing LCA libraries (Ingwersen, 2011; Kursun et al.,
2015; Marvuglia et al., 2013; Nimmanterdwong et al., 2018; Raugei
et al., 2014, 2007; Reza et al., 2014; Rugani and Benetto, 2012;Wang
et al., 2017). The significant difference between LCA and EMA is the
definition of system boundaries, that is strictly connected to the
perspective used to analyze a given system: while in LCA the
boundaries generally are the temporal and spatial ones of the life
cycle of a given process, in EMA the system is considered as a part of
a greater natural system, including all direct and indirect flows
needed, on a larger spatial and temporal frame, as shown in Fig. 2.

It is clear that the LCA has a ‘consumer-side’ perspective, while
EMA has an ecological ‘donor-side’ perspective (Gala et al., 2015;
Raugei et al., 2014; Viglia et al., 2013). LCA provides useful infor-
mation about the resource and environmental cost of a given
ssment and Emergy Accounting (Ripa, 2014).



Fig. 3. Different characteristics of LCA and EMA (Ripa, 2014).
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product and/or process but it only accounts for matter and energy
flows occurring under human control. Typically, LCA does not ac-
counts for flows outside of market dynamics (such as environ-
mental services) and flows that are not associated to significant
matter and energy carriers (such as labor, culture, information), and
the quality and renewability of resources, in terms of biosphere
activity generation processes and times are not generally taken into
account in LCA evaluations (Ulgiati et al., 2006). Ecosystem services
(ES) are gaining increased attention with respect to the interaction
between human activities and the capacity of lands to deliver ser-
vices (Rugani et al., 2018). Recent works try to incorporate the ES
dimension within the LCA method, i.e. considering their loss as a
potential damage (Pavan and Ometto, 2018) or including ecological
components and accounting for regional variation (Liu et al., 2018a,
2018b), yet raising the need for appropriate and standardized data
to be included in LCA databases and methods for accounting.
Emergy attempts to measure the environmental work required to
generate (ecosystem) goods and services that can be used by
humans. Similarly, fossil fuels, which were slowly formed through
geological processes that cumulatively required huge amounts of
A
T
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Fig. 4. Diagram showing the bio-refinery as l
exergy, are reasonably labeled by EMA as more ‘valuable’ than most
contemporary biomass-derived fuels, which can potentially be
replaced overmuch shorter time scales. The main different aspects
between LCA and EMA are summarized in Fig. 3.
2.4. Definition of system boundaries

The largest share of waste in meat business is at the butchery
level (Jayathilakan et al., 2012). This kind of by-products are defined
as the fraction of animal not destined to human nourishment (i.e.
bones, tendons, skin, the contents of the gastro-intestinal tract,
blood and internal organs). About half of the live animal becomes
by-products that is not destined to human nutrition. Doing so, an
important stock of potential benefit is lost, while the costs for
disposal increase. Animal by-products could be used for countless
application, the first of which is edible products, after adequate
treatments (i.e. sausages from blood or lard from the treatment of
gelatin extracted from animal skin); blood can be treated to have
therapeutic components and many blood components can be
separated for chemical and medical uses; hides and skins can be
used for clothing, for cosmetic products and glues; gelatin and
collagen have food, medicinal and pharmaceutical applications;
meat and bone meal is used in animal nutrition and as fertilizer;
manure can be anaerobically digested to produce methane; animal
fat can be treated in different ways to produce bio-fuels
(Jayathilakan et al., 2012).

Such a ‘bio-refinery’, capable of exploit all reusable fractions of
animal waste to provide products, could be able to connect the
production step (mainly rural) and the consumption step (mainly
urban). Considering the boundaries of the entire rural/urban pro-
cess, the situation would be the one shown in Fig. 4, in which there
is a stream of materials from the farm to the slaughterhouse, the
latter providing meat to the urban consumers and waste to the bio-
refinery; the bio-refinery uses waste to produce commodities (i.e.
cosmetics, electricity, bio-fuels, etc.). The entire process is powered
by renewable and non-renewable input flows from the external
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system. Bio-refineries, like conventional oil refineries, show an
optimal multifunctional capability (Cherubini et al., 2011).

Indicators are largely affected by assumptions made during the
accounting procedures (i.e. chosen boundaries, categorization of
input flows). Making a distinction among local and imported in-
vestments could be significant when comparing imported re-
sources with resources extracted and/or produced within an
economy, giving information about autonomy and self-sufficiency.
However, this distinction is not useful when assessing individual
processes, where, in extreme cases, all inputs would be considered
as imported. (Brown et al., 2012).

In this paper, boundaries have been drawn around the process,
including slaughterhouse producing meat and animal by-products,
indicated in the upper left corner of the diagram in Fig. 6.
2.5. Assumptions made about split, coproduct and by-product flows

In order to combine LCA and EMA, different assumptions about
the animal by-products entering the process have been made.
Keeping in mind the emergy algebra rules (Odum, 1996), different
Figure 5. Different perspectives regarding the allocation choices between meat and animal
zero), Case 2 and Case 3 (EV: Economic value; EX: exergy content).
cases can be identified, depending on the emergy algebra choices
about input, intermediate and output flows (as splits, co-products
and by-products).

The process investigated in this study has a twofold aim: (i)
getting rid of a dangerous waste (sink point of view) and (ii) con-
verting it to energy (source point of view).

The problem of how to account for by-products has beenwidely
discussed in LCA studies. LCA often adopts the so-called “zero
burden approach”, meaning that, when a waste management
application is investigated, the waste flows enter the process car-
rying no burdens, in order to permit a comparative analysis be-
tween different waste treatment systems (Finnveden, 1999). Co-
production, according to the standardized procedures (CEN,
2006a, 2006b; JRC, 2010), is dealt with through different kinds of
allocation or system expansion, so “by-products” could be consid-
ered as waste or co-product basing on the investigated system. For
agricultural systems, the economical allocation is often used, but
recently a wide number of “biophysical” allocation methods have
been proposed (Mackenzie et al., 2017). The issue has not received
the same level of attention within the EMA scientific community.
by-products among Case 1 (where economic value of the by-product is placed equal to
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The issue deals strictly with the peculiar characteristics of emergy
algebra discussed in Appendix A. Valuable inputs recently came
from Brown (2015) and from Gala et al. (2015). The former, starting
from H.T. Odum’s idea that when a material is dispersed or recy-
cled, its emergy decreases and it cannot be double counted in
feedbacks, suggests that by-products should not be accounted for
but, instead, they should be burdened with only a fraction of the
total emergy, in proportion to their mass (in some way considering
them as a split of the main output). This revised algebra rule sug-
gests that undesired output flows (such as, for example, atmo-
spheric emissions of CO2), when unable to further drive further
downstream processes, should be considered as waste flows, not
product flows, and therefore should not be assigned the total
emergy driving the system, but only a smaller fraction proportional
to their residual ability to drive a downstream process. However,
allocation proportional to the mass, as suggested by (Brown, 2015)
bears the risk that by-products generated in large amounts but
hardly able to drive any significant downstream process (for
example, the CO2 emissions from combustion or a process waste-
water) are credited a large fraction of the driving emergy, nomatter
their real contribution to the next steps of the system’s dynamics.
Gala et al. (2015) confirm the importance of merging the LCA and
emergy methods, pointing out that what has been done in LCA
could be the starting point to develop a similar framework in EMA.
According to EMA algebra, waste should be considered as co-
products or split. Wang et al. (2017) claim that, in order to ach-
ieve a higher comprehension in recycling processes, evaluating the
internal dynamics of the system could be relevant for EMA appli-
cations, and propose a set of modified indicators.

In this work, a modified allocation rule is presented, using the
exergy content proportion of the by-products, where a low exergy
content indicates the by-product to be close to the equilibriumwith
the surrounding environment (heat sink) and therefore no longer
considerable a product at the scale of the investigated system. Such
a choice would not prevent the possibility that a very reactive by-
product (i.e. a toxin, characterized by relatively high chemical ac-
tivity and exergy) might be assigned a significant fraction of the
total input emergy although showing a very small mass, thus
translating into a relatively high UEV. Vice versa, a large number of
Fig. 6. System diagram of CASE 1 (where the flow
low-exergy by-products (i.e.: inert materials) would be assigned a
low emergy input, translating into a lower UEV.

The full derivation of the exergy content of a material flow is
explained in Szargut’s article on “Chemical Exergies of the Ele-
ments” (Szargut, 1989). Calculations’ details can be found in
Appendix A.

The different methodological choices are explored in the
following cases:

� Case 1 (Fig. 5 e a): Split with economic allocation: the driving
emergy is allocated according to the economic value of the
output flows. In the case of a slaughterhouse process, only the
main products (i.e. meat and leather) have a recognized market
value, while by-products are generally considered having zero
economic value and disposed of as waste. Therefore, an emergy
equal to zero is assigned to the animal by-products entering the
power plant. This approach is in line with the emergy algebra
rules about feedback flows as well as with the usual LCA
methodological approach, named ‘zero burden’, generally
applied when dealing with waste streams entering a recycling
process (Finnveden, 1999).

� Case 2 (Fig. 5 e b): co-products. Animal by-products and meat
flows are considered as co-products of the slaughtering process
(meat cannot be obtained without producing also by-products),
so the total emergy of the process is assigned to both of them.

� Case 3 (Fig. 5 e c): split with exergy based allocation to the by-
product.

Finally, once the emergy of the by-product, Uby-product, is
calculated, its UEV can be computed according to Eq. (2).

It should be pointed out that the choice of considering "co-
products" or splits some of the flows in our process is an extreme
expression of the market distinction between products that are
economically valuable to humans and products having very low
market value. This is a typical "grey area" case of difficult distinction
between splits and co-products, where scale and human prefer-
ences affect the judgment. Nevertheless, this anthropocentric
perspective in approaching the “by-products” is not suitable when
dealing with natural systems, in which organisms would not make
from slaughterhouse is considered a split).
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such a distinction. Bacteria would notmake any difference between
meat and by-products, since there is no difference between things
that could or could not be sold to humans basing only on what is
more desirable to them. However, in so doing we are able to
generate a lower and upper performance bound for the intended
product, for more appropriate comparison with alternatives.
3. Results

The diagram in Fig. 6 describes input flows, components, feed-
back loops and product flows in the Case 1 scenario. Table 1
Table 1
Electricity from animal by-products (Case 1).

# Item Unit Inputs

R e Renewable Inputs Locally Available
Primary renewable sources
1 Sun J 1.4Eþ0
2 Deep Heat J 3.9Eþ0
Secondary and tertiary renewable sources
3 Rain J 1.2Eþ0
4 Wind J 4.0Eþ0
N e Non-renewable Inputs Locally Available
5 Underground water J 5.7Eþ0
F e Non-renewable Imported Inputs
6 Cat. 3 Material (d.m.) g 7.0Eþ0
7 Natural Gas J 4.2Eþ0
8 Diesel for transportation J 7.1Eþ0
9 Diesel for engine J 1.3Eþ0
10 Lubricating oil J 9.0Eþ0
11 Urea g 2.4Eþ0
Machinery
12 Steel g 1.1Eþ0
13 Aluminum g 2.6Eþ0
14 Plastics & Rubbers g 1.1Eþ0
15 Copper g 6.8Eþ0
16 Cast Iron g 1.4Eþ0
17 Lead g 2.7E-01
18 Iron g 7.1Eþ0
19 Glass g 2.1E-01
20 Polypropylene g 3.7Eþ0
21 Silicon Carbide g 1.5Eþ0
22 Polyethylene g 2.5Eþ0
23 Concrete g 4.3Eþ0
24 Limestone kg 3.9E-02
25 Fiber Glass g 3.5Eþ0
26 Rock Woll g 1.6Eþ0
27 Bitumen J 3.5Eþ0
L&S e Information and Infrastructure
28 Labour ppl/yr 1.4E-03
29 Services V 7.4 þ 0
Output
30 Electricity (with L&S) MWh 8.6E-01

J 3.1Eþ0
31 Electricity (without L&S) MWh 8.6E-01

J 3.1Eþ0
32 Animal Fat (with L&S) g 2.0Eþ0
33 Animal Fat (without L&S) g 2.0Eþ0
34 Animal Meal (with L&S) g 5.0Eþ0
35 Animal Meal (without L&S) g 5.0Eþ0
References for UEVs: [1] Brown and Ulgiati (2016); [2] After Odum, 1996; [3] Assumed

Ulgiati, 2004b; [6] After Bargigli, 2004; [7] After Bargigli and Ulgiati, 2003; [8] After
2013; [11] After Buranakarn, 1998; [12] After Bj€orklund et al., 2001; [13] After Pere

Table 2
UEV values of animal fat, animal meal and electricity from Case 3.

Animal Fat (sej/g) Animal Meal (sej/g)

With L&S Without L&S With L&S
5.5Eþ10 3.4Eþ10 2.2Eþ10
summarizes all the relevant input and output flows of the
rendering and the electricity generation processes from CASE 1 (the
Table relative to CASE 2 is shown in Appendix B). Considering that a
fraction of the electricity generated is fed back to upstream steps of
the process itself, the output flow of electricity in Table 1 is net
production.

All data used for the inventory phase come from the investi-
gated company, literature and/or specialized archives or websites
(i.e. the data regarding solar radiation, wind, the overall quantity of
rain in the timespan considered, etc.). All raw energy and material
flows have been proportioned to the selected functional unit of
UEV (sej/unit) Emergy (sej/MWh) Ref.

8 1.0Eþ00 1.4Eþ08 Def.
5 4.9Eþ03 1.9Eþ09 [1]

6 7.0Eþ03 8.7Eþ09 [1]
6 8.0Eþ02 3.2Eþ09 [1]

6 2.3Eþ06 1.3Eþ13 [2]

5 0.0Eþ00 0.0Eþ00 [3]
9 1.4Eþ05 5.9Eþ14 [4]
8 1.4Eþ05 1.0Eþ14 [4]
7 1.4Eþ05 1.8Eþ12 [4]
6 1.1Eþ05 1.0Eþ12 [4]
4 4.8Eþ09 1.1Eþ14 [5]

3 2.7Eþ09 3.0Eþ12 [6]
1 4.1Eþ07 1.1Eþ09 [6]
2 2.4Eþ09 2.7Eþ11 [5]
0 5.8Eþ08 3.9Eþ09 [6]
2 1.9Eþ09 2.7Eþ11 [7]

3.6Eþ11 9.9Eþ10 [8]
0 2.7Eþ09 1.9Eþ10 [6]

2.5Eþ09 5.2Eþ08 [5]
0 2.4Eþ09 8.9Eþ09 [5]
1 2.3Eþ09 3.4Eþ10 [9]
1 2.4Eþ09 6.1Eþ10 [5]
3 1.3Eþ09 5.4Eþ12 [10]

2.1Eþ12 8.3Eþ10 [2]
0 7.4Eþ09 2.6Eþ10 [11]
0 2.3Eþ09 3.7Eþ09 [12]
4 1.4Eþ05 4.8Eþ09 [4]

4.4Eþ16 6.0Eþ13 [13]
1 1.7Eþ12 1.2Eþ14 [13]

1.2Eþ15 1.0Eþ15 [14]
9 3.3Eþ05 1.0Eþ15 [14]

9.7Eþ14 8.3Eþ14 [14]
9 2.7Eþ05 8.3Eþ14 [14]
5 5.1Eþ09 1.0Eþ15 [14]
5 4.1Eþ09 8.3Eþ14 [14]
5 2.0Eþ09 1.0Eþ15 [14]
5 1.7Eþ09 8.3Eþ14 [14]
from economical allocation; [4] After Brown et al., 2011; [5] After Brown and
Cohen et al., 2007; [9] After Ganeshan and Tilley, 2005; [10] After Mellino et al.,
ira et al., 2013; [14] This Work.

Electricity (sej/J)

Without L&S With L&S Without L&S
1.4Eþ10 3.5Eþ06 2.2Eþ06



R. Santagata et al. / Journal of Cleaner Production 223 (2019) 536e552544
1MWh of electric energy produced (data references and calcula-
tion procedures can be found in Appendix A). According to the
emergy algebra and calculation procedures explained in Brown and
Ulgiati (2016), R is calculated in Table 1 as the largest among the
sum of the primary sources (solar, geothermal and gravitational,
2.04Eþ09 sej/yr) and the secondary and tertiary sources (rain,
wind, etc). R is then added to N and F to account for the raw emergy
supporting system. L&S (a measure of inflows related to informa-
tion, know-how and large scale infrastructure) are then added to
yield the total emergy U. The item 6 (animal by-products from
slaughterhouse, entering the electricity production process) is
assigned a UEV equal to zero, which translates in a zero emergy
flow, according to the ‘zero burden’ approach (Case 1). Instead, in
Table B1 and Table B2 (Appendix B), the same item is assigned
respectively the entire emergy calculated in the livestock phase
(Case 2) and a percentage of this emergy proportional to the output
exergy fraction of by-products (Case 3).

Fig. 7 summarizes the UEVs of the animal fat and the animal
meal, with and without Labor and Services (L&S), under the as-
sumptions of Cases 1 (zero burden) and 2 (co-product flows); Fig. 8
shows the UEV values, with and without L&S, of the electric energy
generated.
Fig. 7. UEVs of the animal fat and of the animal meal produced by the investigated
process according to the different allocation of input emergy in basic Case 1 and Case 2
scenarios.

Fig. 8. UEVs of the electric energy generated by the investigated process according to
the different allocation of input emergy in basic Case 1 and Case 2 scenarios.
When we move to the assumptions of Case 3 Scenario, namely
we assign to the by-product outflowa fraction of total input emergy
(from the livestock phase) proportional to its low 3% of total output
exergy, things become very different (according to the emergy
analysis for Case 3 in Appendix B, with exergy allocation shown in
Appendix A). Table 2 shows the UEVs of animal fat, animal meal and
electricity under Case 3 assumptions, being one order of magnitude
larger than Case 1 and one order of magnitude smaller than Case 2.
4. Discussion

The presented results confirm the importance of the perspective
adopted during the assessment (scale, assumptions, inclusion of
L&S). In order to provide new insights to inform the LCA-EMA
ongoing debate, different assumptions have been made in this
study, relative to the animal by-products entering the process.
When the animal by-products are considered as waste and a ‘zero
burden’ approach is used, meaning that the material enters the
process without the burdens related to the livestock and slaugh-
tering phases (Case 1), the electricity generated shows similar
performances than the Italian electricity mix. In Table 3, UEVs of
electric energy from the three cases presented are compared to (i)
the UEV of Italian energy mix (after Brown and Ulgiati, 2002), (ii)
the UEV of electricity generated by an oil-fired power plant (after
Brown et al., 2012) and (iii) the UEV of electricity from photovoltaic
system (after Brown et al., 2012).

Case 1 assumption is equivalent to considering the investigated
process simply as a waste disposal process, with a ‘zero burden’
approach: the electricity generated is comparable with the Italian
electricity mix generated for the greater part using natural gas
(Itten et al., 2012) as well as with electricity from the reference oil
fired power plant. Instead, when the investigated case is considered
as a production process, the animal feedstock is assigned an UEV of
1.33Eþ11 sej/g (Ghisellini et al., 2014) and carries an emergy in-
vestment of 9.37Eþ16 sej/MWh, related to the livestock phase, this
choice translates into an increase of the UEV of the generated
electricity. In a like manner the UEV increases also in case 3 sce-
nario, although to a smaller extent, due to the partial allocation of
the total emergy to the electricity, via animal fat conversion. The
UEVs of Case 2 and Case 3 are higher than both the Italian electricity
mix and the electricity generated by the oil-fired power plant. The
lower UEV value is always the one relative to the photovoltaic-
generated electricity, confirming that electricity from waste re-
covery cannot be considered a truly renewable source, being highly
supported by fossil fuels inputs. Therefore, the investigated process
is not intended to compete with renewable energy sources, but
rather as an example of a self-sustaining process capable to
accomplish an important environmental task (i.e. the disposal of
animal by-products), within a circular perspective without, at least,
generating an additional burden.

If we shift from the cost of the generation of the output product
to an estimate of the cost for disposal of the input waste and resi-
dues, Table 4 shows the total emergy demand (with and without
L&S) for the production of 1MWh from 1800 kg of animal waste in
Case 1, compared with the disposal of an equivalent amount of
municipal solid waste through landfilling and incineration (after
Cherubini et al., 2008). Results from Table 4 show a slightly higher
Table 3
UEVs of electric energy, without L&S, from Case 1, Case 2, Case 3, oil fired power
plant and photovoltaic system (sej/J).

Case 1 Case 2 Case 3 Italian Mix Oil power-plant Photovoltaic

2.7Eþ05 3.1Eþ07 2.2Eþ06 2.1Eþ05 4.1Eþ05 6.3Eþ04



Table 4
Comparison of the emergy demand (sej) of alternative patterns for the disposal of the same amount of animal by-products (1800 kg) needed to generate 1MWh of electric energy in
CASE 1-A.

Case 1 Landfilling Incineration

without L&S with L&S without L&S with L&S without L&S with L&S
8.3Eþ14 1.0Eþ15 2.13Eþ14 2.16Eþ14 2.48Eþ14 2.50Eþ14

Table 5
Emergy indicators calculated for Case 3 scenario.

Emergy indicators With L&S Without L&S

EYR 1.001 1.002
ELR 1.3Eþ06 7.9Eþ05
ESI 8.0E-07 1.3E-06
%Ren 0.0001% 0.0001%
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emergy demand, not considering L&S, of Case 1 compared to
conventional waste management alternatives. However, the added
value here is that for each 1800 kg of animal by-products disposed
of, the circular process Case 1 provides 1MWh of electric energy,
201 kg of purified animal fat and 497 kg of animal meal, as a useful
output to be sold to the market. The situation is similar for Case 2
and Case 3 scenarios, although they show higher emergy costs per
unit of output electricity.

While the emergy demand for unit electricity generated (UEV) is
comparable with the fossil alternative (Table 3), the investigated
process still is a non-sustainable fossil-powered production
pattern. This happens because most input flows to the process are
based on fossil sources (see Table 1). Indeed, the meat production
process is an almost totally fossil powered process, and so is the
collection and transport of the animal residues to the power plant.
Therefore, if we aim at improving the performance of the investi-
gated process, it needs to be reorganized in such a way that the use
of fossil sources gradually decreases in all steps, with a special focus
on the collection and transport of animal materials. Anyway, it
should not be disregarded, for a fair evaluation of the process, that
the advantage of the conversion of animal residues is not only that
the electricity generated is less resource demanding than the
electricity generated using fossil sources (when considering a ‘zero
burden’ approach), but that the process also provides animal meal
used as fertilizers or as animal feeding, the production of which
through alternative ways would be more expensive in resource
terms. Moreover, the potential production of bio-chemicals (within
the frame of a slaughterhouse-based bio-refinery) might provide
additional advantages in terms of avoided costs compared with the
production of chemicals from fossil sources (Fiorentino et al., 2017;
Jayathilakan et al., 2012). Finally, the disposal of the animal by-
products as landfilled waste would have a comparable cost in
both resource and economic terms (Ripa et al., 2017b, 2017a),
without providing any services other than the disposal itself.

4.1. Emergy performance indicators

The total emergy U is an extensive indicator that provides an
information about the size of the investigated system (namely, its
total dependence on direct and indirect environmental support);
instead, the UEV is an intensive indicator expressing the increasing
quality of an energy or material flow through a chain of successive
convergence and transformations steps (Odum, 1996). However, an
analysis only based on these two indices should not be considered
complete, due to the missing information that can be provided by
the broad set of emergy performance indicators addressing scale
dependence, self-reliance, convergence, and renewability (EYR,
ELR, ESI and %Ren). Table 5 shows these results for the Case 3
scenario, with and without L&S. It is clear that Table 5 perfor-
mances are consistent with a highly agro-industrial process, hardly
sustainable, being based on large inflows of nonrenewable and
intensive resources, and almost no renewable inflows. This trans-
lates, for example, into an ELR enormously high, indicating a huge
pressure of non-local non-renewable inputs (F) applied to the small
area dedicated to the process, causing the ELR (and all others in-
dicators) to reflect the nature of a process carried out not because of
its environmental feasibility, but for the advantage achieved in the
disposal of a waste flow that otherwise might have been treated in
more dangerous ways.

Table 5 results, only focusing at the local scale of the process, do
not provide a true picture of its sustainability, in that i) they
disregard the fact that imported resources have been processed
elsewhere (also relying on elsewhere renewable resource use) and
ii) the investigated waste disposal/conversion service is provided to
a much larger scale of users than just the local operators.

An increased sustainability does not come for free. It is
reasonable that the intensity of resource use is diluted and aver-
aged over a much larger area, e.g. in our case, the regional one. In so
doing, not only the actual area served is considered, but the ac-
counting also includes the related supporting ecosystem services
and indirect resources (i.e. streets, infrastructures, offices, govern-
ment). Therefore, it makes sense to consider the environmental
resources of this wider area to ‘dilute’ the burdens of the process.
The additional renewable emergy can be computed in many ways
(i.e. calculating a larger area for CO2 uptake or for dilution of
emissions by wind and rain), according to Brown and Ulgiati
(2001), Lou et al. (2015), Viglia et al. (2018). Accounting for the
renewable fraction of input flows all over the supply chain (be it
regional, national or any differently shaped) means stating that a
fraction of the related broader area must be set aside, to act as a
buffer and dilution ecosystem in support of the excess intensity of
the local process. Increasing the demand for ecosystem services to
counteract the burdens related to a system, means expanding the
area providing these services. This can be achieved, asmentioned in
the above Section 2.2, by splitting the emergy F of imported input
flows (i.e. L&S, animal by-products) into FR (Renewable imported
inputs) and FN (Non-Renewable imported inputs). Indicators
calculated accordingly are averaged over the scale of the served
region, in so providing a sustainability assessment of the entire
supply chain, not just the local process. Table 6 provides the
resulting indicators under this broader perspective. The perfor-
mance improvement is very visible due to the renewable contri-
bution of the entire area served. It is not to be disregarded that the
most complete evaluation of the process is the one including L&S,



Table 6
Emergy indicators calculated for Case 3 scenario under a larger scale assumption.

Emergy indicators With L&S Without L&S

EYR 1.001 1.002
ELR 13.04 43.30
ESI 0.08 0.02
%Ren 7.7% 2.3%
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without which the process would not take place. Instead, results
without L&S only provide an assessment in terms of raw resources
that may help understanding the extent the process is based on
larger and local scale respectively, for appropriate policy decisions.

As a consequence, the assumption that a larger ecosystem is
needed in support of any kind of intensive process translates into a
constraint placed by land availability to economic processes, be
they production of goods and services, be they recovery and reuse
of end-of-life waste streams. The amount of set aside land can be
roughly calculated as the ratio of total emergy demand U in Case 3
and the average renewable emergy/m2 of the served region
(7.22Eþ10 sej m�2 yr�1) (Mellino et al., 2014), yielding 1.5Eþ05 m2,
namely about 10 times the area of the plant. This is a clear policy
indication, in that associates the sustainability of production and
consumption patterns to the availability of ecosystem services from
buffer land, calculated via the emergy value of resources. Lack of
available land translates into impossibility of further growth as well
as into the need for more resource efficient processes.

4.2. A Circular Economy perspective

The presented results show, first of all, that the investigated
process cannot be conceived only as an electricity generation sys-
tem. In Case 2, the investigated process is only a component of a
much larger framework accounting also for the agricultural phase.
In this situation, the recovery of electricity is much less significant
in terms of impacts than the whole system. In a ‘zero burden’
perspective (Case 1) the animal by-products input does not carry
any burden, as it is considered a waste flow. In this case, the
investigated system is not considered as purposefully oriented to
generate a ‘fuel’ to be converted into electricity. Power generated is
an additional asset produced simultaneously to the disposal oper-
ations of organic waste. Assigning all burdens to the main outputs
(i.e. meat and dairy products) is coherent and legitimate: the pur-
pose of livestock farming is not generation of electric energy, but
food production. In so doing, being waste materials no more
affected by undue burdens, the investigated system can be referred
to as a feasible operation to yield a certain amount of energy with a
lower burden compared to the Italian electricity mix.

Within the Circular Economy (CE) concept supported in this
study, the fundamental idea is to overcome the old linear paradigm,
towards amore efficient use of available resources, thus bringing an
increased wellbeing through minimum environmental costs. (Ellen
MacArthur Foundation, 2012; Ghisellini et al., 2016). CE gained
increasing recognition in last years, aiming at maintaining a high
value of products while promoting feedback and exchange flows to
reduce environmental impacts, while maximizing resource effi-
ciency (Saavedra et al., 2018). The result of the presented work has
to be well interpreted. Livestock is not raised for electricity pro-
duction, and the presented results are not proposing new patterns
for electricity generation. Adopting a larger scale perspective, the
process is away for an improved sustainability in a larger system by
looping material and energy, lowering the fraction of something
that otherwise would be considered as a harmful waste.

4.3. The added value of the Emergy Accounting approach

EMA, complementing conventional cumulative energy demand
and life cycle assessment methods, broadens the scale of the
assessment from the local process boundary to the larger biosphere
scale. This helps understanding how the local process is linked to
resource generation over time, to the free supply of renewable
ecosystem services, to the resource cost of infrastructures sup-
porting the larger dynamics of the economy as well as the resource
demand for direct and indirect labor (respectively accounted for as
Labor and Services) supporting a process. Moreover, Emergy in-
dicators provide an overview of the "local versus imported" alter-
native, as well as a measure of the disturbance to the local
environment generated by the investment of outside sources and
the actual renewability of all driving sources, to converge into an
environmental sustainability indicator that considers the role of
natural capital and ecosystem services for society and economic
growth (Odum and Odum, 2000). In so doing it offers an environ-
mental perspective to purely monetary or energy evaluations, thus
complementing mono-dimensional assessments and providing full
understanding of the links of a process with the past and sur-
rounding environment.

In particular, the UEV (Unit Emergy Value) expresses the
convergence of material, energy and information towards the final
product of a process, providing a quantitative evaluation of the
complexity and the efficient use of resources within and around the
process. This can be considered a new and more comprehensive
form of eco-efficiency, to lead towards appropriate use of resources,
increased circularity and networking for resource reuse and
exchange.

Through EMA, stakeholders and policy makers receive much
more information about the process than just its cost in monetary
terms, that is subject to market fluctuations, sectoriality and vola-
tility. If money works well at the grocery store, it does not suffi-
ciently support choices that involve past, present and future
dynamics of societies and wellbeing, resource use and environ-
mental integrity. Assessing the benefits only in terms of direct
economic return prevents from a proper understanding of the
complexity interconnecting economic development, ecosystem
services, and human well-being.

5. Conclusions

A complete and comprehensive assessment of electric energy
generation from animal by-products and the related burdens and
benefits is performed through emergy perspective.

The environmental performances of selected scenarios for the
production of electricity from animal fats, resulting from the pro-
cessing of animal waste, were shown. This work showed that,
adopting a zero burden perspective, the electric energy produced
by the presented process is comparable with, among others, the
average grid electricity mix.

The investigated process shows, from a bio-refinery perspective,
the benefits of processing organic by-products to generate power.
This process resulted valuable from an energy and environmental
point of view, in order to achieve an improvement of resource and
energy use throughout the entire supply chain, increasing the
overall circularity of the system.

CE results in the best effort when using limited resources, ac-
counting also for lifestyle aspects, which become important in the
societal paradigm shift. Human efforts can provide valuable
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benefits not only through recycling, but also through repair and
recovery of goods, collaborative consumption and eco-design and
through other practices important to couple the technological
features for energy and material recovery.
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Appendix A. Further details about EMA method, data and
calculation procedures

When performing an EMA, the first step is to draw a diagram of
the investigated system (e.g. Figs. 2 and 4e6), in order to highlight
all the significant input and output flows, the storages, the com-
ponents of the system and the existing relations and feedback
loops; then an inventory table of inflows and outflows can be built.
Emergy units are obtained multiplying input flows with the
respective UEV. UEVs also define the position of the different en-
ergy flows in the systems energy hierarchy (Gala et al., 2015). The
last step is the calculation of the total emergy (U) and of a set of
emergy indices capable to assess scale dependence, self-reliance,
convergence (Brown and Ulgiati, 1997).

Emergy inflows to a system or process are generally aggregated
depending on their characteristics (Brown and Ulgiati, 2016): R
(locally renewable emergy flows; e.g. rainfall, wind), N (locally non-
renewable emergy flows; e.g. topsoil, ground water), F (imported
emergy flows; e.g., food, minerals, goods), so that total emergy U
can be expressed as:

U ¼ R þ N þ F þ L&S (3)

Where L&S are respectively the emergy supporting labor units
imported from outside the system and directly applied to the
process and the emergy supporting the indirect labor (i.e. labor
associated to imported flows over the supply chain processes as
well as the overall supporting infrastructure). Sometimes, when
focus is placed on the global scale performance (i.e. the relation of
the process with the larger scale where resources come from), it is
useful to split the imported flows into their renewable or non-
renewable fractions, FR and FN. Performance indices calculated
with and without splitting the imported flows into their compo-
nent fractions may come out very different, in particular when the
study deals with industrial processes, generally characterized by
heavy dependence on non-renewable imports. The different as-
sumptions about scale and splitting may translate into different
meaning of the calculated indicators.

Emergy Algebra

Due to the involvement of large dimensional and temporal
patterns, as well as due to the complexity of environmental
networks with loops and feedback flows, the calculation of emergy
flows converging to each network component requires algebraic
rules that are slightly different than in other biophysical accounting
approaches. Emergy algebra calls split two flows deriving from the
original flow (e.g. a water pipeline that splits into two pipelines of
smaller size); splits have the same physico-chemical nature and
only differ by quantity, according to which the total emergy is
proportionally assigned. Instead, co-products are flows with
different physico-chemical nature that cannot be produced inde-
pendently although their reciprocal proportions can be varied to
some extent (e.g. electricity and hot water from a thermal power
plant, corn and straw in agriculture). In this case, the total emergy is
entirely assigned to each of the co-products. In order not to risk
double counting, when split flows reunite downstream they can be
summed, while co-product flows cannot be summed and only the
largest is assigned to the downstream process. Further details on
emergy algebra can be found in Brown and Ulgiati (2016). In the
emergy system diagrams like the one showed in Fig. 5, split flows
are indicated as bifurcating pathways, while co-product flows as
two or more pathways independent from each other since the very
beginning. It is not uncommon, as in the case of the present process,
that such a strict distinction becomes very difficult to make and
some flows may be assigned both split and co-product character-
istics. In this case, calculations are performed based on both op-
tions, in order to obtain a max/min range of performances.

Odum (2000) states that material that is dispersed or recycled
decreases its stored emergy, and the amount of such decrease can
be estimated as the emergy required to restore its initial concen-
tration. Brown (2015) defines the difference between: a) product
recycle, as “the return of material to a previous stage in a cyclic
process”; in recycle pathways, when a material is returned to a
previous stage, it loses all its emergy, according to the emergy
algebra rules; b) dispersed recycle, as “the return of materials to the
environment through actions that distribute them over wider
area”; in dispersal pathways the emergy of products and materials
decreases as they are dispersed and is proportional to the degree of
dispersal. At background concentrations all the emergy associated
to the information content (form, structure, design) is lost and only
the raw emergy of matter is left. Moreover, Brown (2015) makes a
distinction between product, as the result of a process that has
higher quality than the starting material, co-product, as a product
produced along with or jointly with a different product in a process
in which both are valued, and by-product, as an incidental or sec-
ondary product in addition, but not valued as highly, to the main
product.

Definition of EMA indicators

The indicators used in this study are defined as follows (Brown
and Ulgiati, 2004a).

� EYR is defined as U/F, defines the ability of a system to use local
resources by importing outside resources, providing informa-
tion about local-vs-imported.

� ELR ¼ (N þ FR þ FN)/(R þ FR), matches non-renewable and im-
ported emergy to renewable emergy. It measures the stress
imposed to an ecosystem by a transformation process.

� ESI¼ EYR/ELR, being an aggregated indicator, it compares the
outside/local information to the non-renewable/renewable in-
formation, aiming at using the largest share of local resources
with the minimum environmental loading.

� %Ren ¼ (R þ FR)/U, defines the emergy fraction from renewable
sources.
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Data provided by the company is relative to a timespan between
September and October 2014. All non-primary data has been
referred to the same time span.

1. Data from Proteg S.P.A.

Plant area: 29600m2

Collection distance: 80000 km/week.
Water used in process: 3500m3/3 months.
Animal material used in 3 months: 1.63Eþ7 kg.
Electricity produced in 3 months: 9057.75MWh
Animal meal produced in 3 months: 4.50Eþ06 kg.
Animal fat produced in 3 months: 3.92Eþ06 kg.
Animal fat used for electricity production in 3 months:

2.11Eþ06 kg.
Methane used in process: 65m3/ton of animal material.
Lorry consumption: 3 km/l.
Diesel fuel used in engine in 3 months: 2.64Eþ03 kg.
Urea used in process: 90 l/h.
Lubricating oil used in 3 months: 1938.6 kg.
Time fat production: 3.37Eþ06 s.�

60 s
min*60

min
h *12 h

day*6
days
week*13 weeks

�

Time electricity generation: 7.86Eþ06 s.�
60 s

min*60
min
h *24 h

days*91 days
�

Human Labor: 50 people working in plant.
Total investment for plant: 11250000V

2. Renewables

All renewables calculations have been performed accordingly to
Brown and Ulgiati (2016).

Sun irradiation: 5.20Eþ07 J/m2 (Archivio Meteo Italia - Archivio
meteo delle citt�a italiane).

Albedo: 0.10 (Archivio Meteo Italia - Archivio meteo delle citt�a
italiane).

Wind speed: 2.56m/s (Archivio Meteo Italia - Archivio meteo
delle citt�a italiane).

Rainfall: 0.156m (Archivio Meteo Italia - Archivio meteo delle
citt�a italiane).

Heat flow: 0.015 J/s/m2 (Geothopica - Banca Dati Nazionale
Geotermica, CNR).

Evapotranspiration plant site: 30% (California Water & Land Use
Partnership, 2006).

3. Machineries

Machinery data have been retrieved from information from
Proteg S.P.A., data from manufacturers and data from ecoinvent v
3.1 database (Wernet et al., 2016).

Allocation for rendering process machinery have been calcu-
lated as follows:

Machinery life span: 12 h
day*6

days
week*52

weeks
yr *10 years ¼ 3:74Eþ

04 h

Time for 1MWh:
12 h

day*6
days
week*13 weeks

9057:75 MWh ¼ 1:03E� 01 h
MWh

Allocation: Time for 1 MWh
Machinery life span ¼ 2:76E� 06

Allocation for electricity generation process machinery have
been calculated as follows:

Machinery life span: 24 h
day*365

days
year * 10 years ¼ 8:76Eþ 04 h
Time for 1MWh:
24 h

day*7
days
week*13 weeks

9057:75 MWh ¼ 2:41E� 01 h

Allocation: Time for 1 MWh
Machinery life span ¼ 2:75E� 06

Allocation for collection process vehicles have been calculated
as follows:

Data for lorry from Gaines et al. (1998).
Data for lorry lifespan from Proteg S.P.A.
26 ton lorry lifespan: 1000000 km.

Km for 1MWh:
80000 km

week*13 weeks=9057:75 MWh
2:6Eþ07 g *1:8Eþ

06g ðanimal material for 1MWhÞ
Allocation: 7.97E-06.

4. Exergy calculations

Exergy calculations has been based on the farm output flows
from Ghisellini et al. (2014), thus manure is not included since, in
the chosen scenario, manure is reused as fertilizer.

Exergy of biomass components (B€osch et al., 2012):
Fat: 41954 J/g.
Protein: 24488 J/g.
Carbohydrates: 16687 J/g.
Cow Composition (Herd and Sprott, 1986):
Total weight (Ghisellini et al., 2014): 1.76Eþ08 g.
Fat: 16%
Protein: 18%
Water: 61%
Mineral: 5%
Chemical exergy: 1.96Eþ12 J.
Edible fraction (52% of cow weight (Haines, 2004)) composition

(CREA, 2013):
Fat: 5%
Protein: 21%
Water: 74%
Chemical exergy: 6.72Eþ11 J.
Skin (8% of cow weight (Terry et al., 1990)) composition (Tulloh,

1961):
Fat: 2%
Protein: 30%
Water: 68%
Chemical exergy: 1.13Eþ11 J.
Non-edible fraction (48% of cow weight):
Chemical exergy: Chem. exergy of live cow e chem. exergy of

edible part e chem. exergy of skin ¼ 1.18Eþ12 J.
Milk composition (CREA, 2013):
Total weight (Ghisellini et al., 2014): 1.18Eþ10 g.
Water: 88%
Protein: 3%
Fat: 4%
Carbohydrates: 5%
Chemical exergy: 3.65Eþ13 J.
% Exergy Meat: 1.7%
% Exergy By-products: 3.1%
% Exergy Skin: 0.3%
% Exergy Milk: 94.9%
Total emergy (After Ghisellini et al., 2016) with L&S: 1.52Eþ19

sej
Total emergy without L&S: 9.27Eþ18 sej
By-products output (d.m.): 3.30Eþ07 g.
UEV by-products (d.m.) with L&S: 1.41Eþ10 sej/g.
UEV by-products (d.m.) without L&S: 8.60Eþ09 sej/g.
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Fig. B.1. System diagram of Case 2 (where the flows from the slaughterhouse are
considered as co-products).
Table B.1
Electricity from animal by-products (CASE 2)

# Item Unit Inpu

R e Renewable Inputs Locally Available
Primary renewable sources
1 Sun J 1.4E
2 Deep Heat J 3.9E

Secondary and tertiary renewable sources
3 Rain J 1.2E
4 Wind J 4.0E
N e Non-renewable Inputs Locally Available
5 Underground water J 5.7E
F e Non-renewable Imported Inputs
6 Cat. 3 Material (d.m.) e w/o L&S g 7.0E
7 Cat. 3 Material (d.m.) e w L&S g 7.0E
8 Natural Gas J 4.2E
9 Diesel for transportation J 7.1E
10 Diesel for engine J 1.3E
11 Lubricating oil J 9.0E
12 Urea g 2.4E
Machinery
13 Steel g 1.1E
14 Aluminum g 2.6E
15 Plastics & Rubbers g 1.1E
16 Copper g 6.8E
17 Cast Iron g 1.4E
18 Lead g 2.7E
19 Iron g 7.1E
20 Glass g 2.1E
21 Polypropylene g 3.7E
22 Silicon Carbide g 1.5E
23 Polyethylene g 2.5E
24 Concrete g 4.3E
25 Limestone kg 3.9E
26 Fiber Glass g 3.5E
27 Rock Woll g 1.6E
28 Bitumen J 3.5E
L&S e Information and Infrastructure
29 Labour ppl/yr 1.4E
30 Services V 7.4E

Output
31 Electricity (with L&S) MWh 8.6E

J 3.1E
32 Electricity (without L&S) MWh 8.6E

J 3.1E
33 Animal Fat (with L&S) g 2.0E
34 Animal Fat (without L&S) g 2.0E
35 Animal Meal (with L&S) g 5.0E
36 Animal Meal (without L&S) g 5.0E
References for UEVs: [1] Brown and Ulgiati (2016); [2] After Odum, 1996; [3] Assumed

Ulgiati, 2004b; [6] After Bargigli, 2004; [7] After Bargigli and Ulgiati, 2003; [8] After
2013; [11] After Buranakarn, 1998; [12] After Bj€orklund et al., 2001; [13] After Pere
Fig. B.2. System diagram of Case 3 (where the by-products flow is assigned a fraction
of the total exergy of the slaughterhouse output flows (milk, meat, skin, by-products)).
ts UEV (sej/unit) Emergy (sej/MWh) Ref.

þ08 1.0Eþ00 1.4Eþ08 Def.
þ05 4.9Eþ03 1.9Eþ09 [1]

þ06 7.0Eþ03 8.7Eþ09 [1]
þ06 8.0Eþ02 3.2Eþ09 [1]

þ06 2.3Eþ06 1.3Eþ13 [2]

þ05 1.3Eþ11 9.4Eþ16 [15]
þ05 2.2Eþ11 1.5Eþ17 [15]
þ09 1.4Eþ05 5.9Eþ14 [4]
þ08 1.4Eþ05 1.0Eþ14 [4]
þ07 1.4Eþ05 1.8Eþ12 [4]
þ06 1.1Eþ05 1.0Eþ12 [4]
þ04 4.8Eþ09 1.1Eþ14 [5]

þ03 2.7Eþ09 3.0Eþ12 [6]
þ01 4.1Eþ07 1.1Eþ09 [6]
þ02 2.4Eþ09 2.7Eþ11 [5]
þ00 5.8Eþ08 3.9Eþ09 [6]
þ02 1.9Eþ09 2.7Eþ11 [7]
-01 3.6Eþ11 9.9Eþ10 [8]
þ00 2.7Eþ09 1.9Eþ10 [6]
-01 2.5Eþ09 5.2Eþ08 [5]
þ00 2.4Eþ09 8.9Eþ09 [5]
þ01 2.3Eþ09 3.4Eþ10 [9]
þ01 2.4Eþ09 6.1Eþ10 [5]
þ03 1.3Eþ09 5.4Eþ12 [10]
-02 2.1Eþ12 8.3Eþ10 [2]
þ00 7.4Eþ09 2.6Eþ10 [11]
þ00 2.3Eþ09 3.7Eþ09 [12]
þ04 1.4Eþ05 4.8Eþ09 [4]

-03 4.4Eþ16 6.0Eþ13 [13]
þ01 1.7Eþ12 1.2Eþ14 [13]

-01 1.8Eþ17 1.6Eþ17 [14]
þ09 5.0Eþ07 1.6Eþ17 [14]
-01 1.1Eþ17 9.5Eþ16 [14]
þ09 3.1Eþ07 9.5Eþ16 [14]
þ05 7.7Eþ11 1.6Eþ17 [14]
þ05 4.7Eþ11 9.5Eþ16 [14]
þ05 3.1Eþ11 1.6Eþ17 [14]
þ05 1.9Eþ11 9.5Eþ16 [14]
from economical allocation; [4] After Brown et al., 2011; [5] After Brown and
Cohen et al., 2007; [9] After Ganeshan and Tilley, 2005; [10] After Mellino et al.,
ira et al., 2013; [14] This Work; [15] After Ghisellini et al., 2016



Table B.2
Electricity from animal by-products (CASE 3)

# Item Unit Inputs UEV (sej/unit) Emergy (sej/MWh) Ref.

R e Renewable Inputs Locally Available
Primary renewable sources
1 Sun J 1.4Eþ08 1.0Eþ00 1.4Eþ08 Def.
2 Deep Heat J 3.9Eþ05 4.9Eþ03 1.9Eþ09 [1]
Secondary and tertiary renewable sources
3 Rain J 1.2Eþ06 7.0Eþ03 8.7Eþ09 [1]
4 Wind J 4.0Eþ06 8.0Eþ02 3.2Eþ09 [1]
N e Non-renewable Inputs Locally Available
5 Underground water J 5.7Eþ06 2.3Eþ06 1.3Eþ13 [2]
F e Non-renewable Imported Inputs
6 Cat. 3 Material (d.m.) e w/o L&S g 7.0Eþ05 8.6Eþ09 6.1Eþ15 [14]
7 Cat. 3 Material (d.m.) e w L&S g 7.0Eþ05 1.4Eþ10 9.9Eþ15 [14]
8 Natural Gas J 4.2Eþ09 1.4Eþ05 5.9Eþ14 [4]
9 Diesel for transportation J 7.1Eþ08 1.4Eþ05 1.0Eþ14 [4]
10 Diesel for engine J 1.3Eþ07 1.4Eþ05 1.8Eþ12 [4]
11 Lubricating oil J 9.0Eþ06 1.1Eþ05 1.0Eþ12 [4]
12 Urea g 2.4Eþ04 4.8Eþ09 1.1Eþ14 [5]
Machinery
13 Steel g 1.1Eþ03 2.7Eþ09 3.0Eþ12 [6]
14 Aluminum g 2.6Eþ01 4.1Eþ07 1.1Eþ09 [6]
15 Plastics & Rubbers g 1.1Eþ02 2.4Eþ09 2.7Eþ11 [5]
16 Copper g 6.8Eþ00 5.8Eþ08 3.9Eþ09 [6]
17 Cast Iron g 1.4Eþ02 1.9Eþ09 2.7Eþ11 [7]
18 Lead g 2.7E-01 3.6Eþ11 9.9Eþ10 [8]
19 Iron g 7.1Eþ00 2.7Eþ09 1.9Eþ10 [6]
20 Glass g 2.1E-01 2.5Eþ09 5.2Eþ08 [5]
21 Polypropylene g 3.7Eþ00 2.4Eþ09 8.9Eþ09 [5]
22 Silicon Carbide g 1.5Eþ01 2.3Eþ09 3.4Eþ10 [9]
23 Polyethylene g 2.5Eþ01 2.4Eþ09 6.1Eþ10 [5]
24 Concrete g 4.3Eþ03 1.3Eþ09 5.4Eþ12 [10]
25 Limestone kg 3.9E-02 2.1Eþ12 8.3Eþ10 [2]
26 Fiber Glass g 3.5Eþ00 7.4Eþ09 2.6Eþ10 [11]
27 Rock Woll g 1.6Eþ00 2.3Eþ09 3.7Eþ09 [12]
28 Bitumen J 3.5Eþ04 1.4Eþ05 4.8Eþ09 [4]
L&S e Information and Infrastructure
29 Labour ppl/yr 1.4E-03 4.4Eþ16 6.0Eþ13 [13]
30 Services V 7.4Eþ01 1.7Eþ12 1.2Eþ14 [13]
Output
31 Electricity (with L&S) MWh 8.6E-01 1.3Eþ16 1.1Eþ16 [14]

J 3.1Eþ09 3.5Eþ06 1.1Eþ16 [14]
32 Electricity (without L&S) MWh 8.6E-01 8.0Eþ15 6.9Eþ15 [14]

J 3.1Eþ09 2.2Eþ06 6.9Eþ15 [14]
33 Animal Fat (with L&S) g 2.0Eþ05 5.5Eþ10 1.1Eþ16 [14]
34 Animal Fat (without L&S) g 2.0Eþ05 3.4Eþ10 6.9Eþ15 [14]
35 Animal Meal (with L&S) g 5.0Eþ05 2.2Eþ10 1.1Eþ16 [14]
36 Animal Meal (without L&S) g 5.0Eþ05 1.4Eþ10 6.9Eþ15 [14]
References for UEVs: [1] Brown and Ulgiati (2016); [2] After Odum, 1996; [3] Assumed from economical allocation; [4] After Brown et al., 2011; [5] After Brown and

Ulgiati, 2004b; [6] After Bargigli, 2004; [7] After Bargigli and Ulgiati, 2003; [8] After Cohen et al., 2007; [9] After Ganeshan and Tilley, 2005; [10] After Mellino et al.,
2013; [11] After Buranakarn, 1998; [12] After Bj€orklund et al., 2001; [13] After Pereira et al., 2013; [14] This Work.
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