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Abstract

This paper describes an upgraded concept of thaisability metric named Sustainability Profit (SPpm
various micro- and macroeconomic perspectives amdihcan be used for the synthesis of productigsiesns
in order to increase their circularity. An upgradmhcept of SP is presented from three differendépeetives: a
microeconomic one, representing the company levelacroeconomic perspective, combining the company
country (government) levels, and a wider macroeoooomne, with the addition of individuals (emplogge
Basic indicators of circularity, which measure #iare of materials and energy reuse, are incogubiatorder
to synthesize more sustainable systems involvingea®f materials and energy. The concept is demaiedton
two case studies of supply network synthesis. Titsé ¢ase study is a supply network of fossil aedewable
electricity production from various energy soureath fixed electricity demand, and the second catady is a
larger-scale, renewable-based supply network fodying food, biofuels and electricity, and is agqblto
Central Europe. The results indicate that, by mé&iimg SP using the upgraded concept, overall cartyl is
favoured, and trade-offs between different sushiiitya pillars are obtained. The study could funthlee
extended to account for uncertainty and more astdilco- and Social profit analysis and circulamityasures as

a good decision support tool in evaluating sustdemproduction systems.

Keywords: Sustainability profit; Macroeconomic perspectivBgnewable energy supply network; Synthesis of

production systems; Circularity; Circularity indtoes
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1. Introduction

Nowadays there are numerous environmental, so@ethleconomic challenges, which include climatengba
human population and consumption growth, povedgpurce use and scarcity and environmental degoadat
The global patterns of production, consumption amrdle are not sustainable (Preston, 2012). Suslaina
development consisting of three pillars, economisironmental and social, is thus gaining incregqsesearch
and political interest (Waldron, 2014). Almost 400scientific papers exist in Science Direct wisluStainable
development” in the title (retrieved in April 201&nd sustainable development is also listed arttomgoals of
many countries, e.g. those in the EU (European iJr2018). However, many sustainable developmealsgo
and targets exist (United Nations, 2015), togettighh more than 300 indicators (Hak et al., 2016]J emore than
500 efforts to develop quantitative indicators (RBaand Kates, 2003). Several of the indicators goals are
only qualitative, especially for measuring sociastainability. Social sustainability is also thede understood
sustainability pillar, thus gaining the designatidhe “missing pillar” (Bostrém, 2012). No indicasoare
universally applicable (Lehtonen et al., 2016),yomlfew consider all three sustainability aspe8isdh et al.,

2012), and there exists no single robust methodnfomaging sustainability (Nawaz and Kog, 2018).

Different indicators typically serve different coranities and have distinct purposes (Parris and K&03).
There are indicators designed for specific locahownity, city, organisation or country and indigatevhich
enable comparisons across local communities, citieganisations or countries (Lehtonen et al., 2016
Moreover, there are varied views on sustainablecldgwment and on each separate pillar, on account of
differences in values, interests or contexts (Mestzas et al., 2014) and in many cases also gdugehp
diversity. The methods thus differ for differentvéds, from the micro level (individuals, specificogps,
companies and products), up to the macro level gwigvel; entire economies). Composite measures of
sustainability at the macro level (e.g. the nati@tale) are not well applicable at the micro lefeet. the local
scale) (Mitchell, 1996), but it is desirable thatasures be such as to enable linkages in datdcamsl (Jleswani

et al., 2010). It should also be noted that varidess at specific levels are possible. One sucmpte can be
pointed out by the following question, which coblel asked at any micro or macro level: Is the mastasnable
system the one that has the best overall sustéitggieérformance, even though it has, e.g., nega¢ieonomic
performance? Or, is the most sustainable systenoiieethat does not exhibit the best overall suakality

performance but does have a positive performanea#t of the specific sustainability pillars?

Indicators of sustainable development can be dividéo an aggregated single measure with a singlieevor

into a set of indicators with multiple values (Mitdl, 1996). Ideally, the sustainability indicatordex or metric



should reduce a large quantity of data and shaxpdess the information in its simplest form whilénimizing
information distortion (Mitchell, 1996). Howeverggregate single measures could be difficult to ustdad not
well supported by the data. In order to developmmosite sustainability metric, typically weightihgtween
categories is applied (Singh et al., 2012). Beswgegighting, hormalization can be applied to transfaifferent
scales of specific indicators to a unique scaleggregated or composite sustainability metric (Bigjer and
Jochem, 2007). Monetary-based metrics have thensalya of overcoming weighting and normalizationywadl
as solution dimensionality, and are relatively etsynterpret and understand (Zore et al., 201Fawever,
even when using monetary-based sustainability ostsuch as Sustainability profit (Zore et al, 201@r
Sustainability net present value (Zore et al., 30Epecific systems could provide results with osdef
magnitude difference between the pillars. This mehat for specific systems, one sustainabilitiapitould be
contributing a significant share to overall susaitity, while the other two pillars contribute mutess, or one
or both could even be negative. Given the differdatvs at the micro- and macro levels and alsoiwidach

specific level, sustainability pillars could be ithefd differently for each level (Zore et al., 2016)

In addition to “sustainable development,” an insiegly popular concept is the “circular economya(sé et
al., 2016), which is also attracting more reseanath political interest (Geissdoerfer et al., 20THe concept is
of paramount importance for sustainable developraedtsustainability. Circular economy, with its sggms
cradle-to-cradle approach, closed-loop approadisar zero-waste approach, transforms the produestkevinto
valuable resources. It focuses on the 3R pringippesreducing, reusing and recycling materials (iriesti,
2017). It enables integration of economic actigitienvironmental impact and use of resources inose m
sustainable way by reducing resource and envirotah@nessures. Indirectly, it also has a positivgpact on
the social pillar through, e.g., job creation (Esipmet al., 2017). The circular economy focusesettesign of
processes and recycling of materials (Murray e8l17), and thus on supply networks instead oplsughains
(linear economies; Andrews, 2015) by comprising lifycle thinking (Kobza and Schuster, 2016). Cacul
economy is viewed as a way to implement the conoémustainable development by closing the loops in

production and consumption (Ghisellini et al., 2016

It has been argued that industrial ecology couklsasn the transition from a linear to a circukzonomy
(Saavendra et al., 2018). Industrial ecology canséen as a framework which guides production system
towards more sustainable ones by moving from lineaa closed-loop systems (Lowe and Evans, 199%. T
core of the industrial ecology concept is the aurdus exchange of energy and materials within artdrden

natural and industrial systems in a sustainable (#alyolino et al., 2018). The cyclic industrial éagy model



represents the ultimate goal of industrial ecolog¥h circulation of the resources at every phasthe product

life-cycle within a supply network and thus with negative impact on the environment (Leigh and2Dil5).

However, assessing a production system’s circylaarformance is not a straightforward task (Sadidral.,
2017). Several circularity indicators have beerppeed at the micro, meso and macro levels (Bar2Zt&s).
Additionally, various definitions of circular ecomy exist (at least 114) in different dimensionsr@kherr et
al., 2017). No standardized method for measuringutarity of products exists (Linder et al., 201@phd the
following question remains (Saidani et al., 201 During design or re-design phases, how can wesaste
circularity potential of a product, component ortemal, all along the lifecycle, and throughout thalue
chain?” Important work in this field has been penfed by the Ellen MacArthur Foundation, which pshéd

several publications and a series of reports (@e&der et al., 2017).

A review of the literature shows that the studiesfgrmed mainly dealt with “isolated” topics, suels
evaluation of sustainability (Strezov et al., 2Q1s0stainability performance of supply chains (Gp+haciano
et al., 2018), relevance and importance of a circeconomy to sustainable development (Schroedat. et
2018), policy recommendations regarding sustaiitglahd circular economy (Balanay and Halog, 20E8)
applications of sustainability and/or circular ecmy at a specific level (Franco, 2017). Limitedeash studies
have been performed linking industrial ecology angply network sustainability development (Leighd dn,
2015). To the best of our knowledge, no studieddte have addressed the evaluation of productistes\s
from different perspectives considering i) compaewel, ii) company and country level and iii) indlual,
company and country level from a sustainabilitywpeint comprising all three sustainability pillaend

including circularity measures.

In this work an upgraded generalized concept ofeusbility profit (Zore et al. 2017a) is introdut&om three
different perspectives: the microeconomic (compatsvel), the macroeconomic (company and
country/government) and the wider macroeconomic sgemtive (company, country/government and
individuals/employees), together with various comaltions between specific sustainability pillars| #&ie
versions of Sustainability profits are compositetnne of sustainability expressed in monetary terfitgey are
formulated as optimization problems expressed simgle-objective optimization form, and the besttainable
solutions can be obtained with a single run. Alahgshe upgraded Sustainability profit, this wonkarporates
basic circularity metrics to measure the circuyaot materials and energy in a production systehe tipgraded
concept of Sustainability profit is applied on twase studies of production systems. The firsttifive case

study is an electricity production supply netwodqnd the case study is a larger-scale supply netviark
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production of biofuels, food and renewable eleitiricThe features of using the upgraded sustaiitgbietric
for solving multi-objective production systems afyascale, by considering various views (companyntty

and individuals) and circularity of materials andtrgy are demonstrated.

The proposed generalised concept of sustainabilidasures comprising all three pillars of sustalitgbas
applied to smaller and larger-scale productionesyst from a supply network perspective is relevanbdth
cleaner production and sustainability. It introdueegeneralised metric to assess sustainabildiffatent micro
and macro levels. It also promotes cleaner prodngtas it links industrial ecology and supply netwo
sustainability performance with a focus to morelicyproduction systems. The proposed concept cheld
applied as a stand-alone concept or it could bd ase part of mathematical programming, enablptgrality,
feasibility, flexibility and integrality of solutios (Kravanja, 2010). In addition, in the proposedt&inability
profit design concept also unburdening effectshenanvironment are now considered, besides burgemias.
Considering these total effects on the environnog@ns a new powerful perspective in the designingiare
cleaner production which would facilitate achievitige sustainable development faster because swolutio

alternatives that unburden the environment the mosid have higher priorities than those burderirgleast.

The paper is organized as follows: Section 2 ptssthe upgraded concept of Sustainability profitnirthe
micro, macro and wider macroeconomic perspecti8estion 3 introduces the circularity of raw matesriand
energy, which are defined as the share of reuseeriaa and energy in regards to the total amof@imaterial
and energy used. Section 4 demonstrates the upmbnamdrics of sustainability, together with measgrin
circularity on two illustrative case studies. Thiestf case study deals with a fixed demand for altt that
could be satisfied from fossil and/or renewablergynesources, and the second case study deals veitipgly
network producing food, biofuels and bioproductsl aenewable electricity from biomass, waste, geothé

solar and wind. The fourth and final section pregaonclusions and prospects for future research.

2. Sustainability profit

Sustainability profit is a composite criterion fameasuring sustainability expressed in monetarysuaitd
consists of Economic, Eco- and Social profits (Zetral. 2017a). Sustainability can be evaluatethfdifferent
micro- and macroeconomic perspectives. In additmrthe microeconomic (company) perspective and the
macroeconomic (government + company) perspectigejnaZore et al. (2017a), in this work a wider

macroeconomic perspective is introduced, which uides the macroeconomic perspective and also the



perspective of employees and as such, representsotinbined perspective of the company, governmedt a

workers.

Fig. 1 shows that Sustainability profit lies at tiMersection of Economic, Environmental and Sogpialfits.
However, when a certain pillar is not consideredstainability can be expressed with Viability ftrof
(Economic + Eco), Equitability profit (Economic Jo8al) or Bearability profit (Eco- + Social). Eaci these
specific sustainability pillars (Economic, Enviroamal and Social profit) and combinations of psléYiability,
Equitability, Bearability and Sustainability prgfitan be calculated at the microeconomic (compawgl) and
macroeconomic levels (company + country; and indage of a wider level, company + country + indix&t
level). A more detailed explanation of each sustaility pillar from each perspective is presentedthe
continuation. Sustainability could be, like sprciprofits and their combinations, assessed in seofnet
present values (Economic, Eco-, Social, ViabiliEguitability, Bearability and Sustainability netegent value;
Zore et al., 2018).
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Fig. 1. Different types of profit from various ppesctives obtained when considering specific suahaiity pillars, pairs of

pillars, and all pillars combined (from a represgion by Dréo, 2006, modified by Zore et al., 2018)

Sugtainability profit (SP) represents all the three basic pillars of suatality - economic, environmental and

social ones, which are BP expressed in monetary terms as Econoffi€°{®™y, Eco- P59 and Social profits
(P5°®_ Since these individual sustainability indicatare expressed by the same units, they can betlgirec
compared and composed in a single sustainabiligsomement. A higher value of sustainability oiintividual
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criteria means that the solution obtained is marstanable, more profitable, environmentally frignar

socially responsible.

The incremental values are considered which reptake difference between new and previous alteremtsee
Eq. (1) (Zore et al., 2017a). However, for simphfiion, in the continuation all the symbols will beitten

without “A”.
ASP= Slj)lew _ Spld =A Fy:onomic+A |§co+A |§ocis (1)

A trade-off between all three types of profit isaibhed with the maximization of Sustainability ptpéee also
Fig. 1, which shows the individual profits and thebmbinations. The combination of objectives iro
composite one allows us to obtain the most sudidnaolutions in one single run from single-objeeti
optimization. For more details relating to the ogpicof Sustainability profit, readers are refertedore et al.

(2017a), which introduced this concept.

However, the question arises regarding the conmwitinecessary for sustainability. Could an alteveabe
considered sustainable if only the ove@ltis positive, or should all the pillar®T°"°™ P and P5°°?) pe
positive, or at least non-negative for the solutionbe sustainable? In the opinion of the authardruly
sustainable solution is one where, by maximizing 8P, all the pillars are at least non-negativas lalso
pointed out by Thwink.org (2014) that “If any on#lgy is weak then the system as a whole is ungmeitée.”
The reasoning behind this is that Economic prdiibuidd be positive, because no firm would pursuéngps
invested capital and work; positive Eco-profit seded to avoid or minimize deterioration of theiemment
and positive Social profit is needed to ensureeastl social stability, if not improving society’slvbeing.
However, in several real-world situations, the dbod for all individual profits to be non-negativeight not be
satisfied, even if production systems are optimidexamples include novel promising technologiestaie
renewable production systems, and systems forntesat of waste and emissions. These production regste
might still not be considered unsustainable. Nogatieity constraints for a specific pillar, whileaximizing the
overallSP,are shown in Eq. (2):

maXSP: maXFEconomic_l_ PECO+ PSOCiE

st PFOme>

P >0
PSociaI > 0

)



By applying weightings for individual profitwf, w® andw®) with values between 0 and 1, a general expression
for calculating different profit®* is obtained, see Fig. 1 and Eq. (3). Alongsséby combining pure pairs of

sustainability pillars, the following types of pitodire obtained:

«  Viability profit, defined asPF°"°™ plus P (previously called also “Total” (Kravanja ar@cek,

2013));

«  Equitability profit asP=°"™plusPS°“® and

«  Bearability profit a®PE®° plusP>°c®

The general formulation for calculating “Sustairii profit where different weights between 0 abdould be
specified for each of the sustainability pillargspeessed in monetary terms is shown in Eq. (3) (fiemtfrom

Zore et al., 2017b):
Px — Vv’i I:PEconomic+ WbDPEc0+ WEPSOCii (3)

The reasoning for using weights between the swadity pillars that are all expressed in the sanméts
(monetary terms) can be laid out due to variousvsig€such as those of companies, governments, and
individuals), various preferences (for example,egtouse gas footprint is of higher importance thater
footprint), because of order of magnitude diffeedetween the pillars, unavailability of resourdes
performing analysis for all the pillars, and seVesther reasons. For simplification and to avoidbjeative

weighting, in this study all the weights are setto

Economic profit

PEconomic Micro

Microeconomic level: A is defined as revenue\R) plus subsidiesAR"™® and reduced by

expendituresAE), depreciation4D) and taxesAC™):
APEconomic Micro= AR+A Rsubsidy_A EA D‘A Cta (4)

Macroeconomic and wider macroeconomic lewd=eonemic Mactog g A pEconomic Wider Mactoy e dafined agPEe"0™*
Mo hut without taxes and subsidies. They are namalycelled out as company pays taxes and receives
subsidies from the government, while governmengikes taxes from company and pays subsidies to aoynp

Economic profit is calculated in the same way ahbmacroeconomic and wider macroeconomic levels as:



APEconomic Macro_ AP Economic Wider Macra AR-AE-AL (5)

Eco-profit

Eco-profit APF*® stands for the difference between the eco-be(&fH} of unburdening the environment and the
eco-cost EC) of burdening effects on the environmeglu¢ek et al., 2012a). Calculation of burdening and

unburdening is based on eco-cost coefficients (adfversity of Technology, 2018). Eco-cost codéfits take

into account raw materialﬁq,m), productiq,m) and processes with technologgch Indexi stands for

unburdening (Byg) and burdening (B effects of raw materials and indgxor the unburdenindgPyngs) and
burdening (B) effects of products on the environment. Indexh represents technologies in which raw
materials, intermediates or products are invohN&ath effects are proportional to mass flows of naaterials

. and productSqm]m for a specific technology. Unburdening of any prodis further multiplied by its

substitution factor(ij/ %NB)WhiCh is defined as the amount of product to be substit{&ddivided by the

amount of the resulting product ). The substitution factor is based on the samé&puaance (e.g. energy

value, amount of nutrients) of produced and sulistit productsucek et al., 2012a).

Microeconomic level: AP M takes into account only the environmental effettst occur inside the

icro

companies’ gate. The burdening effe&€\“) are calculated only for the part of the wasté thaot utilised

by the compan)((qff““’t - qR””B’ o) - and for the products produced by the companyg2oml., 2017aPE*°

tech ”1 ,tech

Micro is thus defined as:

APEcoMicro - AEBMicro _A ECMicro -
( z z AqRUNB,consumed [d.;RUNB + Z z AqPUNB, consumed Df?/%ms [t'sjtech] - (6)

i,tech
techi] TechRUNB. Micro Miech tech] TechjpUNB. Micro Miech

[ Sy AQr gt S S Ady Dc”j

tectd TechORE Micro tectd TechjpE Micro Ttech

Eco Wider Macro
P

Macroeconomic and wider macroeconomic lew&R=® M and A include all environmental

effects of all materials that the company usesrodyces (Zore et al., 2017a).



APEcoMacm: AP EcoWider Macra_ AEB Macro_ AEC Macro

Z Z quuwa |];RUNB + Z Z AqPUNB Df _S/BNB [ts —
UNB Macro tech .tech UNB Macro Miech J j tech
tectil TechtR tedh TequPy

()

Rg Rg + R R
B Macro Aqn tech tech Z y ;Aacm Aqni]&ech |:C j tech
tectl TechORZ i TRy

Social profit

Microeconomic level:APS°%@ M at the company level is defined as social cost),(S€presenting the
contribution of the company to improving the soatdtus of employees (Zore et al., 2017a). It [wressed as

follows:

APSociaIMicro - _ASCMicro — z A N‘;Js:sD(;Compan (8)

tectl Tech

where social costSC"™™ is the average company contribution per emplof@i@zO )), multiplied by the

number of employee(ef\l[e(;ﬁ. Note that salaries and social security contrdngi(cost of labour) is not included

in PSec@Meohacause they have already been considered asfpapienses i\ pEeonomie Micro

Macroeconomic levelaPS°%@ Macat the combined governmental and production seckevel is defined as a
sum of social security contributionS§$'**) and social unburdening("*) minus social costC"*") (Zore
et al., 2017a):

APSociaIMacro: ASSMacro+A SUMacro_A SCAacro:
Z ANti?:zs(SGross_ s Ne + Z AN JODECSUNE' State z AN J c SEMP, SLF_ue Eo;npany) (9)

tech tecl tech tecl
techdTech tech Tech tedh Tech

Gross Net

Social security contributions are defined as tlifedince between grogs_;*) and net salariegs,,) for all
new employees. Social unburdening is defined agptbduct between the average state social trafsfean

unemployed persae,® **9 and the number of new jobs/employerg°’) . Social cost is social support

from the government and company and is calculasethe@ product othicézsand the sum of the average social

transfer by the governmeiies™" 59 and compangc°™™) (Zore et al., 2017a).

Wider macroeconomic levelypsec Wider Maco gt the combined governmental, company and empldsyesd

integrates the macroeconomic level along with theleyee perspective. From the employee’s viewjriiheme

or social benefit$B™"'**) corresponds to his/her net salég)) , and all the social benefits that are provided
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to him/her by the government and the employer/camppef™" 5*°+ ¢ ™. The outcome or social cost

(SC™'* corresponds to the loss of unemployment supporh fthe governmerge?™® 59 . The social

benefits and cost from the employee perspectivenauttiplied by the number of employed persons in a

company.

The wider Social profit after most of its parts caneach other out becomes simply an employee'ssgsalary

( Gross

Seen ) Multiplied by the number of employegs 2obs) :

tech

APSociaI Wider Macro= ASSMacro+A SUMacro_A SC\/Iacrq_A ngploye_eA Sémploy&e
3 ANé?:ES( St(scrﬁss_ S NLT) + Y AN JObECSUNE’ State S AN te\i c, EMP, Siate . Con)pq_ny

tec tech

teci]Tech tedh Tech tééh Tech (10)
Jabs Net Jobs EMP, Stat, Compapy_ J UNE, State
Z AN'(ech ech + Z ANtech m Cs * Cs T z A Ntecrﬁcs -
teciTech tedi Tech teci)Tech
Jobs Gross
Z AN'(ech B;‘tech
teciTech

Sustainability profit overview

Sustainability profit from the different perspees/can now be defined based on the correspondiogofuc,

Eco- and Social profits.
The Microeconomic or company perspectieenprises the following:

» Economic profit — the company’s economic perfornggraubsidies and taxes are included in the annual

cash flow.

» Eco-profit — ideally achievable under assumptionaoftero-waste concept by the company. All the
emissions originating from raw materials, procesgesducts and waste that occur from company’s

activities are taken into account.

» Social profit — social security contributions paigithe employer/company to the employees.

ASP" is defined (Zore et al., 2017a):
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ASDMicro :APEconomic Mcro +APE00 Mico +APSoc'aIMicro -
AR+AR™Y - AE-AD-AC™ +

( z z AqRUNB, consumed H:RUNB + z z AdDUNB, consumed [f ?/FEJNB m:?teChJ —

i,tech m
tecti] TechRUNS Micro Miecn tecti] TechjRUAE Mico aech

(11)
R R

>3 MG G ) [t Y X Ay O -

tect TechrRB Jicro ’ ' tech TechjJRE Micro i

Jobs Company
> AN

tech
teci]Tech

The Macroeconomic perspectivembines the company’s and the government’s wishes:

» Economic profit — a function of market prices; aahocash flows of the company and the government

where subsidies and taxes cancel each other out.

e Eco-profit — ideally achievable under a zero-wamsikcy from an overall perspective. Alternativestwi

greater unburdening and less burdening effectpraferred.

» Social profit - combines social security contrilou paid by the employer/company to the government,

social support from the government for employead,r@aduced social support for unemployment.

ASP"is defined (Zore et al., 2017a):

ASDMaao =APEconomicMacro +APEcoMacro+APSociaMacro =
AR-AE-AD+

( Z z AqRUNB B:RUNB + z Z AdDUNB N jSPUNB E:S; tech}_

,tech
tecti] TechRUNE Macro ety tedHTechjPUNE Macro Miech
(12)
RB RB + PB PB +
Z ;ﬂ Aqm tech R:Ilte(:h z ;\A Aqrr]',lech [b] tech
tect] TechORZ 12" tedi TecfURg "
Jobs{ o Gross__  Ne Joby UNEgag _
Z ANtech ( ech Stec?) + Z AN techElC S
tech0Tech teb0Tech
Jobs EMP, State Compan
Z ANtech [ cs + Cs y)
tech]Tech

The Wider macroeconomic perspectithat is newly introduced in this paper combines thews of the

company, the government and individuals (employees)
e Economic profit is equal to that from a macroecoioperspective.

e Eco-profit is also the same as that from the mammemic view.

12



e Social profit — besides social profit from the n@wamronomic perspective, this also includes cash flow
that represents employee income. The incomes drsatay and social benefits, while the outcomes
are the loss of unemployment support from the gowent. In comparison with the macroeconomic
perspective the wider macroeconomic perspectivéergreghose alternatives with a higher number of
employers (represents employability) with higheasas (represents technological level or bettéd pa
work). Also, gross salaries cancel out from thisspective, since they represent a cost for the emyp

but a benefit for employees and the government.

ASPMeerMace \which is considered to represent the ideal vidmtpior employees, companies, a nation or wider

community, is defined:

ASDV\ﬁderMa:ro - APEconomic WideMacro + APECO Wider Macro + APSociaI Wider Macro

- APEconomic Maco +APECO Macro+APSOCiaI WiderMacro

=AR-AE-AD+
SIR S
A Runs |]:RUNB + A Rng Ef UNB E —
LYEC%TGCHWRU%MEWO qn tech 1, tech Iech;Tech‘ HPIU% Macro qrri]lECh J j tech (1 3)
tech ecl
X % Oay e+ T > Ay et

tech] TechIRE Macro ' tech Tegimpg Mecro !
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3. Circularity indicator

Circularity can be assessed from various perspesstiat the micro-, meso- and macro levels (Zhu.ep@11).
However, there is a lack of criteria for how to esssthe measures for improving circularity of praiduand
economies (Haas et al., 2015). Various circularigtrics exist, such as a circularity indicator libse material
flow analysis (MFA), the Material Circularity Inditor (MCI), the Eco-efficient Value Ratio, the GCitar
economy index and many others (Linder et al., 20Mreover, different types of units are used (egss,

energy) to quantify product-level circularity (Liedet al., 2017).

One of the main circularity indexes is MCI (ThedfllMacArthur Foundation and Granta Design, 2018 T
MCI gives a value between 0 and 1, where a higladrevindicates greater circularity (The Ellen MattAur
Foundation and Granta Design, 2015). Because ofah®lexity of the MCI, especially for larger scalapply
networks with numerous technologies, process amtlyats, the indicators used in this work have been

simplified. The focus of this work is on materialdeenergy (heat and electricity) circularity.
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Materiab

The circularity of raw materials in the supply ahdr is upgraded from that in Zore et al. (2017b) &nd

defined by Eq. (14). The alternatives with the lstveactions of virgin feedstocks are preferreché@tsymbols

Total Feedstoc!

in Eq. (14) are as followsqm represents the total amounts of feedstocks us#teiproduction system

Circulated Feedstoc

and O stands for recycled, reused or recovered feedstmckaste.

Z inrcuIated Feedstock
m

Material — i0R
F =- Total Feedstock DLOO% (14)
2%
i

For the calculation of circularity of energf™(®'®), representing heat, cold or electricity the fallog similar

relation defined by energy flows is proposed is {reper, see Eq. (15):

Reused energy
2.Q
Energy — iR 0,
F - z QTotaI energy (100% (15)
i
iOR
In the case of heating or cooling energy, the tamity indicator is denoted a8"** and for electricity it is
FEleete - Circularity of energy is related to process in&ipn (Klemes, 2013), such as utilisation of wassat
(Arsenyeva et al., 2016) or power generated frorstevdneat (Matsuda, 2014), and use of renewableggner
sources for the production of heat, cold or eleityri However, closed-loops of material, energysteaand
emissions are generally impossible. Systems wdilldesjuire non-renewable resources and will praglsome

waste (Kobza and Schuster, 2016), although it jseeted that with constant innovation the loops bdtome

gradually closer.

4. [|llustrative Case Studies

The proposed concept of micro-, macroeconomic amkEnvmacroeconomic perspective, with and without
additional non-negativity constraints for spec#igstainability pillars is demonstrated on two csielies. The
first case study is a hypothetical illustrative iexde of electricity production from various fosaitd renewable-
based sources and is used for a straightforwarcbdstmation of the upgraded metric. The second shsgdy
presents a larger scale heat-integrated biorefiaedyrenewable electricity supply network with amprction of
food (Cucek et al., 2014). Both case studies were computddguthe GAMS modeling system (GAMS

Development Corp. and GAMS Software GmbH, 2018).
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The first case study is formulated as a nonlineagamming (NLP) model consisting of approximatély
constraints and 55 single variables. It was sotve@ personal computer with an Intel® Core™ i3 GRL2.93
GHz processor with 4 GB of RAM. The second casdysts formulated as a mixed-integer linear prograngm
(MILP) model. The model includes approximately @) constraints, 225,000,000 single variables, @h60
binary variables. This model was solved with a sebecause of its higher RAM (768 GB). The sergarn HP
DL580 G9 CTO with 4 processors (32 core) Intel® ¥®CPU E5-4627 v2 @ 3.30 GHz. Solution time was

between 20 and 40 minutes with the optimality getie a maximum of 5 %.

4.1. First case study — electricity production from wars sources

The first illustrative study presents a hypothdticase of electricity production (modified from Zoet al.,
2018). The study covers the renewable technologiestovoltaics, wind turbines, geothermal soureesste
incineration and anaerobic digestion (AD) with cogation (CHP), and the fossil technologies ard poaer
plants and combined cycle gas turbines (CCGT). $teekls for AD comprise manure (30 %) and corn silag
(70%), and feedstocks for waste incineration aredv@sidue (50 %) and municipal waste (MSW) (50 P6}al
available feedstocks for AD are limited to 20 Mfas in Zore et al., 2017a) and total available amof wood
residue and municipal waste is limited to 2 Mt/gleaConstraints on installed power are selecteshigh a way

that none of the individual technologies can sgtilsé demand on its own.

The market price of electricity is assumed to b&8@Z/MWh (Borzen, 2018). Demand for electricityassumed
to be 1,500 MW. The upper limit of installed capador each technology is 1,000 MW, except for geomal
where it was set to 500 MW, for AD where the actuadilability of feedstocks is up to 806 MW and feaste
incineration, where up to 865 MW is available basedthe available feedstock amounts. For calculatib
power output and efficiency of a specific technglogee Egs. (10) — (12) in Zore et al., 2017a. Aoddally, an

interest rate of 3 %, a lifetime of 20 y and arate of 17 % on the profit were selected.

Using manure and municipal waste to produce etggtniather than transporting them to a landfippresents an
unburdening of the environment, and their coeffitse(in €/kg) become eco-benefit coefficients. Eost and
eco-benefit coefficients for biomass and waste shiwTable 1 are calculated based on the rati@edi$tocks.
The electricity mix to be replaced is assumed tgédmerated 50 % from coal and 50 % from natural Gakle 1
presents the assumed data for the demonstratienstady. The new data related to technologies restemted

in Zore et al. (2017a) were obtained from the WE8ergy Information Administration (2016). For madin
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projections of price changes for various technasgdata from the U.S. Energy Information Admimittn

(2013) were used. For the remaining data relatéddionologies, see Zore et al. (2017a). Also, &cdation of

Social profit the same assumptions are made asna &t al. (2017a).

For calculation of circularity, the virgin feedskscconsidered are corn silage used for AD and abgas and

coal, while manure used for AD and municipal wastd forest residue used for waste incineratiordafmed

as reused materials or waste. Water for the gentdgrlant is not taken into account.

Table 2 shows the main results from optimizatigmslying different maximization criteria. The objaet values

in the corresponding columns are shown in bold.

Table 1. Data for demonstration case study.

Wood Natural
Solar Wind Biomass residues Geother mal Coal as
and MSW g
Investment cost (ME/MW) 2.112 1.564 4.154 6.927 3.635 2.705 0.815
Fixed maintenance and
. 18,167 33,083 91,667 327,350 83,333 31,500 9,167
operating cost (€/MWh)
Varlab.le maintenance and 0.00 0.00 3.50 7.29 0.00 3.73 2.92
operating cost (€E/MWh)
SUbSI.d)./ for producing 29.99 50.36 101.45 52.85 113.55 0 0
electricity (€/MWh)
CGO, emissions (kg/MWh) 0 0 0 0 0 820 490
f, - Capacity factor (%) 21 35 85 85 65 80 85
Maximum installed power ) 550 1,000 806** 865** 500 1000 1000
(Mw)
ECO-C.O.St coefficient for 30.00 9.84 39.66 216.28 1.73 165.28 79.17
electricity (€/MWh)
ECO'C.OSt coefficient for raw 0 4.4910° 4.7410° 0 0.0554 0.129
materials (€/kg or €/f)
Eco-beneflt coefficient for a o 3.3410° 590102 0 o 0
raw materials (€/kg or €/
Number (.)f jobs ff)r 5.99 1.47 0.4 0.4 9.46 0.27 0.25
construction (MW
Number of jobs for 3 0.27 141 3.85 0.24 0.74 0.7
maintenance (MW)
ech - factor of energy
content in energy source and / / 0.3 La1 / » 68 4.32

efficiency* (kwh/kg or
kwW/m®)

*40 % efficiency of electricity generation is assean

**hased on the available feedstocks
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Table 2 shows that the same results are obtained wiaximizingP

Economic Micro

andSP". The economic pillar

is positive, while the environmental and socialgod are negative. By considering the principle tha project

is truly sustainable if all the pillars are non-agge, the company should sacrifice 16.9 M€/y te thevention

of environmental damage and 1.7 M€/y to cover dddss. The technologies selected are all renewable

technologies except solar, and are set to theiewpmits, while waste incineration fills the gap fulfil the

demand. All the selected technologies perform wetinomically with subsidies included, and at thmesdéime

they only slightly burden the environment sincecdlthem are renewable. Photovoltaics was not tedetue to

social perspective, as it employs the highest nurobemployees per installed MW and it would burdke

social part of the company budget too much. In seofrcircularity, 32.6 % of materials used are egliand 100

% of the electricity comes from renewable sourddtogether 5,597 employees are selected to be grglo

from the microeconomic perspective.

Table 2. Results when maximizing different typegmafit for the electricity production supply chain.

Maximization criteria

M icroeconomic per spective

M acr oeconomic per spective

Wider macro
per spective (company +

Economic items (company) (company + government) government + employees)
PEconomic Micre S|j\llicr0 PEconomic Macr S|j\llacrc Splvider Macrc
proonomie Micro 1€ /y) 838.6 838.6 194.2 783.0 726.6
pEcoMero\gy) -16.9 -16.9 -339.6 -21.2 -19.1
e (VI -1.7 -1.7 0.4 -1.9 -2.0
sPer (ME€ly) 820.1 820.1 -145.8 759.9 705.5
pEconomic Macry 1 /y) -205.7 -205.7 275.6 -172.9 -193.5
pEce Macre\gfy) 1,088.4 1,088.4 -226.5 1,312.6 1,320.7
psociiMacre 1 /y) 65.6 65.6 19.6 72.1 778
SP™C (MEly) 948.3 948.3 68.7 1,211.8 1,205.0
pEconomic Widr Macto (\ 1y -205.7 -205.7 275.6 -172.9 -193.5
ppEEco Widr Macto (\1e /) 1,088.4 1,088.4 -226.5 1,312.6 1,320.7
pocial Wide Macto (\1e/y) 1725 1725 50.6 190.2 205.3
spriderMacc (\efy) 1,055.2 1,055.2 99.7 1,329.9 1,3325
Installed power (MW)
- solar - - - 667 1,000
- wind 1,000 1,000 - 1,00( 1,000
- biomass 806 806 - 806 724
- waste incinerator 165 165 - - -
- geothermal 500 500 - 500 500
- coal - - 813 - -
- gas - - 1,000 - -
- total 2,471 2,471 1,813 2,97 3,224
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Power output (MW) 1,500 1,500 1,500 1,50p 1,500
FMatera (o) 326 326 0 30 30
FEeCtiely (o) 100 100 0 100 100
Number of employees 5,597 5,597 1,464 6,260 6,762

At the macro level, different results are obtaiveien maximizingP=e°"™e Macand SP*3° From the pure
market perspective (subsidies and taxes are exdjugden maximizingP=°"™ M the only technologies
selected are those based on non-renewable sowiess natural gas is preferred over coal. Theidpcton

costs are lower in comparison with renewable-basadces and as a result, renewable sources ariglisalls

eF,Ec:onomic Macro

(Nicolini and Tavoni, 2017). This alternative shothe only positiv and also the only negative

pEce Maco among all alternatives displayed in Table 2. Tditernative also exhibits the loweato®@ Macro th

e
lowest number of employees (1,464) and the 108&%t°° among all the alternatives. Both circularity iratiors
are equal to O, since only virgin materials aredused electricity is produced only from non-renel@adpurces.

It should be noted that the solution when maxingZf“°"°™e M°cqyid differ from country to country, since

market prices for electricity are different.

On the other hand, when maximisi®P"*", all the sustainability pillars perform better G@mparison to
maximizing SP"“ because they are now viewed jointly from the comypand government perspectives. The
only negative pillar, from a macroeconomic perspectis PE°"°™¢ Macgince sybsidies are now excluded and
the foremost renewable sources are selected. Indmiet price for electricity produced were 55.M@/h or
higher instead of 42.3 €/ MWh (Borzen, 2018), thkitson would be sustainable, even from a macroenvao
point of view. In Eco-profit, the products and veasutside company borders are also consideredléetricity
sold to the grid is also considered in Eco-prdfigsides that used in the company. In Social pritie,
unburdening of the state budget due to more empkwyad some state cost as investments into empleyee
also now included. It can be seen that more worlees employed (6,260 vs. 5,597), and also different
technologies are chosen for producing electriditgtead of waste incineration, photovoltaics is meferred,
because of the higher unburdening effect of produelectricity sold to the grid and a higher numioér

employees.

When comparing the Social profit, it can be seat #t the micro level, it is always slightly negati at the
macro level, which includes relieving of socialnsér from the government budget owing to additiarew
employees, it becomes positive, and at the widesronkevel including the employer perspective (reases

and social benefits reduced by support for unenmméay), the Social profit is the highest of all #ieernatives.
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Finally, when comparing the results at the macm wider macro level, all the solutions except ecoits are
better in terms of profits and number of employddse solution is shifted towards technologies whieuire
more employees with higher salaries. Technolodias tun on wind, solar and geothermal power aréemed

over AD that only fulfils the demand, while wasteineration and coal and gas power plants areatetted.

Table 3 shows all the profits obtained from a widesicroeconomic perspective, when they are optimised
separately. It shows the preferred solutions imseof individual pillars (economic, eco- and sgcatd overall
sustainability. It should be noted that the onliffestence between the macro level and the wider skestel lies
in the calculation of the Social profit, while menization of PEe"o™e Macrog g pEconomic Wider Macro g  pEco Macro

andpEee Wider Maci ja s the same results.

Table 3. Main results when maximizing differentfiteofrom the wider macroeconomic perspective.

o Maximization criteria
EconomIC items PEconomic Widr Macrc PEcc Wider Macrc PSociaI Wider Macrc Splvider Macrc
ppEconomic Widr Macto (\ 1€ /y/) 275.6 -193.5 -608.2 -193.5
ppEco WideMacro (\1e/yy -226.5 1,320.7 126.8  1,320.7
pSocial WideMacro 1.6y 50.6 205.3 275.6 205.3
gpViderMacie (\1ey) 99.7 1,332.5 -205.8  1,3325
Installed power (MW)
- solar - 1,000 1,000 1,000
- wind - 1,000 - 1,000
- biomass - 724 270 724
- waste incinerator - - 865 -
- geothermal - 500 500 500
- coal 813 - - -
- gas 1,000 - - -
- total 1,813 3,224 2,635 3,224
Power output (MW) 1,500 1,500 1,500 1,500
FMatena (o) 0 30 56.1 30
FElecticly () 0 100 100 100
Number of employees 1,464 6,762 8,580 6,762

From the [Beonomic Wider Macq je\ynoint, again only fossil-based sources arecsedefor electricity production, as
subsidies and eco taxes are not considered. Whgimiming PE Wider Macrogng gpVider Maco tha same solutions
are obtained with a significant contribution frohetenvironmental part, compared to the economicsacdl

parts. This solution presents the best possibtietrdf betweerPEeonomic Wider Macro pEco Wider Macrog g pSocial Wider

Macto - \\hen pSecial Wider Macro i maximised, the highest number of employees8@®,5s obtained since the
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optimization criteria favor a higher number of eoyses, possibly with higher salaries. The selected
technologies are those that need a higher numbempfoyees per MW installed. Such technologiessatar,

geothermal, waste incineration and AD that is usefdlfil demand.

From the results in Table 3, it can be seen ®##t* M2 compared wittpEeonomic Wider Macto e g ces economic

performance by 469.1 M€/y to gain a 1,547.2 M€jhler Eco-profit and a 154.7 M€/y higher Social firof

4.2. The second case study - a biorefinery and renewabtdricity supply network

This case study represents the upgraded sustaipatiiteria applied to a multi-period MILP optin@gon
model of a larger-scale energy supply network atGentral EU level. The model represents the retlaze of
the one presented in Zore et al. (2018), which ayaslied at the level of the EU. Central EU is reprged by
Austria, Czech Republic, Germany, Hungary, Lichteims Poland, Slovakia and Slovenia (Central Iigefice
Agency, 2018). The model includes the concept &yatem-Wide Supply Network (SWSN) superstructure
(Zore et al., 2018; motivated by Marquardt et 4B99) that combines a heat-integrated biorefinenypb/
network, a renewable electricity supply network anfbod supply network, see Fig. 2. Corn and wlaeat
feedstocks that can be used for food productioectktity can be produced from solar, wind and geonal
sources. The main products are food, bioethanol gregn gasoline as gasoline substitutes, biodiasél
Fischer-Tropsch (FT) diesel as diesel substitutgsirogen and electricity. Possible technology reutee

presented in Fig. 2.

The superstructure is based on four layers, L1du¢k et al., 2010) including harvesting sites at $tbrage,
pre-processing of raw materials to intermediatalpets and production of electricity at L2, bio-refries at L3,

and demand locations at L4 (Zore et al., 2018).

Each layer is divided into 33 zones across the r@kei®U (after Sirovnik et al., 2016). It is assumit
locations of sites are at zone centers. Transpamtés calculated within and between zones. Fouced) the
size of the model it is assumed that the distaficeshe transportation of biomass and waste, enamy
products are limited (Lam et al., 2011). For soldnd and geothermal energy, it is assumed that ¢thenot be
transported until they have been transformed ifgotecal energy. Up to 10 % of the total area aflezone is
assumed that can be devoted to satisfying foocb@fdel demand and up to 1 % to producing eledyrifrom

renewable sources (Zore et al., 2018). Note tlmbst 8 % of land in Europe is already used for @d wheat

production (FAOSTAT, 2018).
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Fig. 2. Integration possibilities in renewable gyesupply network (after Zore et al. 2018).

The model is a multi-period model which considerenthly time periods for biomass, food and biofuelsd

hourly time periods for solar, wind, and geothermaérgy and electricity(uéek et al., 2016). Due to larger

computational time, the number of periods has rednced to 6 periods per month and 4 periods peisie

Zore et al., 2018). The monthly patterns for wipged are assumed from Cedar Lake Ventures (2047joan

solar irradiation from the JRC European Commisgi20il7). The daily patterns for wind speed are oleihi



from Medrek et al. (2014) and for solar from Lockwood (2P1Finally, hourly patterns are obtained from
Kaonga and Ebenso (2011) and Arif et al. (2013w and solar. For geothermal energy, it is assithat
the available energy is constant. All the pattemgsthe same as in the model used for the conéihsize supply

network by Zore et al. (2018).

The demand for food and fuel is assumed that isteoi, while the demand for electricity varies withe. The
monthly patterns for electricity consumption ar&eta from Energy Cents (2010) and hourly patterosnfr
Electropaedia (2005). Daily patterns for electyi@bnsumption are assumed to be the same, anelguetsicity
demand patterns are assumed to be the same irspacific month. It is also assumed that all theezoim a
specific country have the same demand for foodublpand electricity. The demand for food (corml avheat)
should be satisfied in each country and at leas®dl0f transportation fuels and a 20 % or largerrestat

electricity produced from renewable sources adiosgentral EU should be satisfied.

Data for the biorefinery and food supply network #aken fromCucek et al. (2014), while for the electricity
supply network they are obtained from the U.S. Bpénformation Administration (2016), and for thake of
price change projections also from the U.S. Endrdgrmation Administration (2013), as for the firsase
study. All other data are the same as in Zore.€R@all8). All the results are based on a 3 % istanate and a 20

year lifetime.

Table 4 shows the main results when maximizing Bodn and Sustainability profits at the micro, maearal
wider macro levels. Additionally, the results attmacro and wider macro levels are shown where non-
negativity constraints on the economic parsSi#'®° and SP¥%¢" M2 are imposed (Economic > 0), so that the
solutions obtained are truly sustainable fromtaké perspectives of sustainability. Note also tihatsolution at
wider macro level possesses positive Economic tpabthe micro level (24,914 M€/y) which is clogethe one
obtained when Economic profit at the micro levebwaximized (31,944 M£€/y). The main objective valage

shown in bold.

From Table 4, it can be seen that from the micropeouc perspective, Economic profit is always pesitand

Eco- and Social profits negative. The consideratelgativeP= M

shows that distribution and production of
food, biofuel and renewable electricity in the GahEU from a company perspective is highly envimemtally
unsustainable. Whe&P"“™ is maximized, company profit decreases by 22 % §f874 M€/y), but at the same

time, PE°° Mjs increased by 28 % (for 9,044 M£ly) atf®@ Mhy 7 9% (for 61 MEy).
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Enforcing non-negative constraints on Eco- and &qariofits cannot make them positive (the obtaiseldition
is infeasible), since burdening the environmenieexs the unburdening when considering environmeffidts
only inside the company’s line, and since produdi@fuels and renewable electricity requires adangumber

of employees, which represents a cost for the caiepdZore et al., 2017a).

Table 4. Results when maximising Economic and Suatélity profits for the second case study.

Maximization criteria
Micr oeoonpmic M acr oeconomic per spective Wider mgcr oeconomic
per spective perspective (company +
Economic items (company) (company + government) government + employees)
P s | Pam s | o | S s

pEconomic Micro \ e /y/) 31,944 24,970| 31,695 2,169 26,419| -16,628 24,914
pEco Micro\1e/y)) -31,520  -22,476| -31,397 -42,721 -34,254| -45,794 -34,108
pSocil Micro ey ) -855 794 856  -26,943 2,816| -48,468 -9,703
SPer (\M€ly) -432 1,700 -558  -67,495! -10,651| -110,890: -18,897
pEconomic Macr¢(\ 1 /y/) 14,710  10,003| 14930  -52,788 0| -75,456: 0
pEco Macre ey 17,721 22,622| 18,277 115,261 44,017| 108,000: 37,263
pSocial Macre \ e /y) 1,086 1,004 1,083 28,955 5,704| 42,123 9,095
SP (Mery) 33517  33,630| 34,290 91427 49720 | 74,667 46,358
pEconomic Wider Macigpeny | 14,710 10,003| 14,930  -52,788: 0| -75,456! 0
pEco Wider Macrq e /y/) 17,721  22,622| 18,277 115,261 44,017| 108,000: 37,263
psocal Wider Macrqt y) 3,622 3,375 3,624 99,712  10,860| 178,642, 36,166
gpiderMacre (\1ey) 36,053 36,000/ 36,831 162,185 54,876 211,187 73,429
Circularity (%) § §

- material 36.09 42.73 36.20 35.38' 36.14 35.39! 36.16
- heat 24.70 30.80 21.80 19.90: 20.90 20.20! 21.40
- electricity 20.00 20.00 20.00 100.00 40.74|  100.00: 36.22

By maximizing Economic and Sustainability profit the macro level, all the results are positive,egtdor
Economic profit when maximizingP"2. Therefore, additional columns are added whichuite the non-
negativity constraint ofP=°"™e M2 | 5n additional constraint is specified for Eoamic profit to be non-
negative pMacr Ecenomic > pEconomic Macrogrgng tg the lower limit of 0 ME€/y, while=e® M2 gndpSecial Macoramain
positive. Both Eco- and Social profits are decrdakewever, truly sustainable solutions can beinbthwhile
achieving non-negative Economic profit. When corigathe results of maximizing=°"ome Macrogng gpHacr.
Economic>0 it can be seen that by reduci@g®"™ ™ °from 14,930 M€/y to 0 ME/PE® M3 increases by 25,740

M€ly (from 18,277 ME/y to 44,017 M£ly) amRf°“@Mahy 4 621 ME€Jy (from 34,290 MEJy to 49,720 MEy).
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When comparing the results obtained from optimizetiat the macro and wider macro levels, it casdes that
slightly worse levels of Economic and Eco-profite abtained and significantly better levels of @bprofit at a
wider macro level, since at this level the socattfhas a greater impact. Additionally, it includedividuals;
see also Fig. 1. In both cases Economic profiteigative, while both Eco- and Social profit are pesi If in
addition a non-negativity constraint on Economigfipiis set (last column in Table 4), Economic firbEcomes
0, while both Eco- and Social profit are signifidgnreduced; however, again the obtained resultrugy

sustainable.

For all the alternatives, Social profit is negatatethe micro level and positive at the macro amdewmacro
levels. The greatest Social profits are always inbthat the wider macro levels when taking intooart the

employee perspective that considers their salaries.

The circularity indicator for materials is in thange of approximately 35-43 %, for heat it is ie flange of
about 20 to 31 % and for electricity between a loliait of 20 % up to 100 %. The greatest mateaiatl heat
circularity is obtained when maximizing SP at thienm level, and the highest electricity circular{glectricity

produced from renewable sources) when maximizingtSRe macro level.

Table 5 further shows the main results in termaref used, percentage of demand satisfied, rawiaiatand

technologies used.

From Table 5 it can be seen that all of the aviglabea (11 %) is used for the production of fdmdfuels and
renewable electricity. Additionally, a certain pemtage of the area is usually suggested to beesffet (0.004
%) except wherS8P"“ is maximized (1.22 %) or whe®P"#°"® and SP"¢" M (0 94) are maximized. For the
additional land area used for biofuel productiop fa 2 %), an eco-cost coefficient of 0.5 £/im assumed
(Hendriks and Vogtlander, 2004). If afforestatienselected, it represents an unburdening of th@éamaent

(an eco-benefit). Afforestation could thus yieldiidnal Eco-profit.

Another interesting observation is obtained wheximiing SP'*°"® andSPY?" M |n these cases, the entire
demand for electricity is satisfied, owing to thiglth eco-benefit from solar and wind energy. Besitles
comparatively higher Eco-profit, significantly higthSocial profit is also obtained, given the highamber of
employees needed (2,857,206 and 3,862,142) and highier salaries in the electrical sector thantha

agricultural one; see also Table 4.
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Table 5. Main results for the second case studgrins of raw materials, technologies and products.

M aximization criteria

Microeconomic

M acr oeconomic per spective

Wider macroeconomic

per spective (company + government) per spective (company +
Supply network items (company) government + employees)
PEconomm ] PEconomlc ' SFj\/lacro ] ' SFWlder Macro
Micro S|j\lllcr0 Macro S|j\llacro E Economic > 0 S et Macroi Economic > 0
Area used (%) 11.00 11.00 11.00 ll.OOi 11.00 ll.OOi 11.00
afforested (%) 0.004 1.22 0.004 = 0.004 =l 0.004
Food demand satisfied (%) 100.00 100.00 100.00 100.00; 100.00 100.00! 100.00
Fuel demand satisfied (%) 5 5
gasoline 44.75 33.22 40.58 38.72; 39.73 38.92 40.38
diesel 12.11 10.00 15.24 14.59: 16.25 14.43 15.66
Electricity demand satisfied i i
(%) | |
produced total 20.00 20.00 20.00 100.00: 40.74 100.00 36.22
from wind 20.00 20.00 20.00 22.20: 20.98 17.36
from solar 5 5 5 70.80: 19.76 100.00 18.86
from geothermal - - - - - -1 -
Raw materials (kt/y)
corn stover 14,862 14,862 14,862 14,862 14,862 14,862 14,862
wheat straw 37,970 37,970 37,970 37,970 37,970 37,970 37,970
miscanthus 34,322 11,080 33,747 34,500; 34,091 34,456 34,024
forest residue 0.495 125 0.422 = 0.495 = 0.495
algae - - - =t - = -
cooking oil 1,556 1,556 1,489 - 1,556 1,556
Technologies*:
hydrogen . ° : ° : °
dry-grind process
syngas fermentatidn o o o o o o o
catalytic synthesfs E E
FT synthess ° : ° i
WCO methandl : ;
WCO ethand| | |
algae methandl | |
algae ethandl : E
photovoltaics (krf) - - - 3,061; 710 4,257 760
wind turbines 34,432 34,432 34,342 40,542, 36,916 - 27,880
binary cycle geothermal plants - - - - - -
Food (kt/y) ! !
corn grain 24,769 24,769 24,769 24,769, 24,769 24,769 24,769
wheat 37,226 37,226 37,226 37,226 37,226 37,228 37,226
Biofuels (kt/y) 5 5
ethanol 18,000 13,293 15,453 14,2261 14,884 14,350 15,298
green gasoline 1,253 974 1,682 1,9315 1,801 1,909: 1,723
et-diesel** - - - - - =t -
me-diesel*** 1,493 1,493 1,430 - 1,493 - 1,493
FT-diesel 4,714 3,665 6,329 7,265 6,775 7,182 6,483
hydrogen 1,467 1,367 1,449 1,425 1,441 1,439 1,445
Number of employees 101,309 91,816/ 100,403 2,857,206 742,500 3,862,14. 771,591

*technologies:

Igasification and lignocellulosic hydrogen produst{dartin and Grossmann, 2011a),
Zdry-grind process (Karuppiah et al., 2008),
®gasification and syngas fermentation 4gdsification and catalytic synthesis of lignocelkit biomass (Martin and

Grossmann, 2011b),
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®gasification, FT synthesis and hydrocracking (Mestid Grossmann, 2011c),

®viodiesel production from waste cooking oil with thinol, and’ethanol, and frorflalgal oil with methanol (Martin
and Grossmann, 2012), afethanol (Severson et al., 2013);

**piodiesel produced using ethanol and **methaaslalcohol.

All the criteria prefer production of gasoline stihges, which ranges between 33.42 and 44.75 %hef
demand, and also between 10 and 16.25 % of therkfoa biodiesel substitutes is satisfied. Fromuaely
economic standpoint, higher substitution of gagobhould be implemented (from 40.58 % to 44.75Whjle
from a sustainability viewpoint, the productiong#soline substitutes is slightly lower (from 33%2to 40.38
%). Diesel substitutes are preferred from overaditainability viewpoints (up to 16.25 %) and alsonfi the
economic viewpoints (up to 15.24 %). Only when maixing SP"“° is the production of diesel substitutes set
to its lower limit (10 %). The reasons for such icks are the prices of the products and on ther@mviental
side the eco-cost coefficients (see Zore et al.8RONote that the differences in the shares of Ualsf
substitution are comparatively lower than in tharsk of renewable electricity production. From ¢hessults, it
can be seen that 100 % of the food demand, 10 %tisuion of fuel demand and 20 % of the renewable

electricity share are more than satisfied by oulgiag about 3 % of the area.

The share of renewable electricity production rangetween the lower and upper limits (20 and 100R@m
microeconomic perspectives and pure economic viawgaenewable-based electricity is produced atdiwer
limit. On the other hand, from sustainability criteat the macro and wider macro levels, renewaldetricity
produced is set at the upper limit, because etéstiproduced from renewable energy sources hasfisignt
unburdening effects as it substitutes for the catigeal electricity production mix(uek et al., 2012b) and it
employs a larger number of workers. When non-neigaiconstraints on Economic profit are imposee, share
of renewable electricity produced is between 388 40.75 %. Results vary significantly with thécerof
electricity. The market price of renewable eledyits considered to be 50 €/ MWh, and the elediriprice with

included subsidies is 100 €/ MWh (Zore et al. 2018).

Electricity generated from wind turbines is preéefrover photovoltaics and especially over geotheemeargy,
which is not selected, mainly on account of its éovenergy potential, since only electricity withdbermal
production is considered (see also Zore et al.8p0lhe number of wind turbines selected is simiéyardless

of the optimization criteria (between 34,432 ang54Q); only when maximizingpP"'@e" Macro

can a larger drop be
noticed. This drop occurs because solar energyire=ga larger number of employees for constructiod

maintenance than wind energy and is therefore ralelie from the employee perspective (for the delaing to
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number of jobs per MW see Table 1) . The area of@loltaic panels selected can be up to 4,257ikma case

where none of the wind turbines is selected. Utlilgyarea, 100 % of the electricity required cdutdproduced.

In regards to the raw materials used, it can ba Hest the amount of corn and wheat grains is émeesfor all
the alternatives and is such as to satisfy the ddrfar food. Consequently, corn stover and wheatistould
also be used for biofuel production. It can be dbahthey are set at their upper limits of avalighb(related to
grains used). The differences between the altegmtion the other hand, occur in the amounts ofanthus,
forest residues and cooking oil in use. MiscaniBussed in similar amounts (around 34,000 kt/y)egtdn the
alternative where a higher percentage of areaggested to be afforested (when maximiz8@"“°). Forest
residue is used in the amounts needed for affdi@stan only those alternatives where afforestaiselected.
Cooking oil is also used in similar amounts (arodr®DO0 kt/y) except for the alternative where SRéximised
at the macro and wider macro levels. Algae areset#tcted either from the economic viewpoint or frtira

sustainability viewpoint.

Most of technologies for producing biofuels havebeselected except the dry-grind process, lignoloslic
biomass gasification and catalytic synthesis agdekransesterification. Waste cooking oil is sstgg to be
treated by transesterification by using methana aatalyst. Fewer technologies are selected whadinmizing
SPs at all micro, macro and wider macro level€E£dbnomic profit is forced to be non-negative, topy
network is more constrained, and in these alteregtiall the technologies are selected which wottérwise

be selected.
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Fig. 3. Distribution of installed photovoltaic pasand wind turbines across Central EU.
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From Table 5, it can be seen that the number oflaaps differs significantly. The lowest number of
employees is suggested at the micro level andatltte macro level from the economic viewpoint. e other
hand, the number of employees increases by an afdenagnitude when looking from the sustainability
perspective at the macro and wider macro levelseMiestricting Economic profit to being at leashno
negative, the number of employees selected is twdmn. Results suggest that only 92,000 employeaki c

satisfy the demand. From the sustainability viewpaip to 3,862,142 employees could find new jobs.

Fig. 3 further represents the locations of seledtsthllations of solar photovoltaics and wind indgs, when

maximizingSP, from all three perspectives.

Solar photovoltaics is only selected from the macomomic and wider macroeconomic perspectives dksee
Table 5). At the macro level the most sustainabtations are in Hungary, while at wider macro leveé
selected locations are in southern Germany, edpeicidBavaria, owing to the larger number of emydes with

higher salaries.

Fig. 3 also shows that more locations are suitadslevind turbines than for the solar installatioWéind power is
selected at all levels across most zones in thdr&lelBU, except in eastern Austria, eastern CzeepuRBlic,
Hungary, northeast Poland, eastern Slovakia, amye8la. As mentioned earlier and seen in Table 5,

geothermal energy is not selected.

Maximizing SP largely promotes a circular economy and renewatldetricity production. The results indicate
that even despite some negative values, “greemédagies” are still a sustainable solution. The rexuic
criteria prefer solutions which are less friendbythe environment and community, and when maxingi8F,

such alternatives are preferred that are envirotatigmrmore unburdening and less burdening.
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5. Conclusions

In this paper, the concept of Sustainability Pr@@P) was upgraded to the level that includes thes/ of: i)
company, ii) company and country (government) ao additionally iii) company, country (governmeat)d
individuals (employees). Additionally, the genefamulation of calculating SP based on weights dpecific
pillar has been presented and the formulation eta&nability profit based on non-negativity constts for all
the pillars. As before, SP is composed of Economim-, and Social profit and is expressed in mageaiaits
that are easily understandable by the wider pojpmaBesides SP, circularity indicators were inéddvhich
measure the fraction of circulated feedstocks amlgy in the total amounts of feedstocks and eneé¥gie that

the circularity indicator for energy has been pisgabin this paper.

A comparison between the different perspectivescianimacro, and wider macro) and different views on
sustainability (maximum SP, maximum SP with nonatifify constraints on F°"°™¢ P=° and F°?) and their
influence on the final results have been demoresiran two case studies: hypothetical electricitydpiction

from various sources and a larger-scale food, biciud renewable electricity supply network.

The first case study shows that using technologlieh as solar, wind, biomass and geothermal ersegyhe
most sustainable. Th&8P was always positive, while the Economic profit hadnegative value from a
macroeconomic perspective, showing that financigdpsrt or higher market prices for electricity ablie
justified. Circularity indicator for material hagén around 0.3 when all the renewable sources sadested
(due to corn silage used in biogas plant) and €ase of fossil sources selected. The indicatoelfectricity has
been either 1 for alternatives where all the eigityr was produced from renewable sources or O wher

electricity was produced from natural gas and coal.

The second case study represents a supply netaotkd production of food, biofuels and renewaldeteicity
production at the level of the Central EU. Currgmttound 8 % of land is used for production of cana wheat
in the EU (FAOSTAT, 2018), and by using an addiioB % of the land, 100 % of food, a significantcamt of
biofuel (almost 41 % of gasoline and more than 16fdiesel substitutes) and almost 41 % of thetetgty

(see Table 5) could be sustainably produced.

However, for most of the technologies used in #@ad case study, several barriers exist to be@pmidely
used for mass production of biofuel. Most of thehtelogies for biofuel production are second anddth
generation technologies that have not yet been @miatized (Karimi and Chisti, 2015); moreover, eal

barriers exist in terms of the availability and tcoraw materials such as algae (Oh et al., 20t8hould also
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be noted that in real world, such efficiencies migbt be attained. Additionally, since several gation
technologies for reducing environmental burden®xist, system specific eco-cost and eco-benefitficants

might provide more accurate and optimized resiiliss issue will be dealt with in future works.

The proposed generalised concept of Sustainalpilib§it at different levels can contribute to morestainable
thinking regarding production systems. As the pegabconcept integrates industrial ecology, circatamnomy
and supply network perspective, it offers a prattiool for more sustainable business decisions. ddgregate
monetary-based single measure of sustainabilitgas different views (company, government plus gamy,
government plus company plus individuals), inclgdthe possibility of selecting suitable weightsvieetn the
sustainability pillars, will be an efficient suppiog tool for decision-making. The second case \stcigarly
indicates that considering sustainability from thigler macro perspective (government plus compamg pl
individuals) would enable obtaining solutions tlee significantly more sustainable than those froimro
(company) perspective (211,187 M€/y vs. 36,053 M€dwhich would allow governments to plan efficient
subsidy schemes for enhancing cleaner producti@erat or close to zero waste. However, it shoulchdted

that more work should be performed relating todhta for Eco- and Social profit calculations.

Additionally, the circularity measures within théosed-loop supply networks which provide the levefs
sustainable (re)use of energy and materials céast asscontributing to increased circular economypractice.
Future studies should be oriented towards combiringcess Integration principles and supply network
synthesis in order to obtain truly sustainable potidn systems. Finally, more detailed circulassessment in
supply chain networks should be performed to accfamthe time and value dimension of energy andtea

recovery and material recycling.
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Highlights

Sustainability Profit has been upgraded for awider macroeconomic perspective.
Employee perspective is added to the company and government perspectives.
Sustainability Profit is studied in relation to energy and mass circularity indicators.

It is applied to the synthesis of alarge scale, renewable energy supply network.
Sustainabl e solutions exhibit high sustainability profits and high circularity indicators.



