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Highlights

e Optimum supply chain management under the carlamtetpolicy is addressed.

e Cooperation among different companies leads to o and environmental
benefits.

» Cooperative game theory ensures the stability opecation (grand coalition).

e CO, price evolution, predicted by ARIMA models, affedhe supply chain
behavior.



Abstract

The growing environmental concerns, as well as gowvents policies regarding
greenhouse gas (GHG) emissions, promote Supplyn@8&i) design and management
strategies that simultaneously benefit companiesconomic terms and the society by
reducing the total CQemissions. Some game theoretic approaches haneappéed to
SC design and management, most of them in cometifame schemes. However,
there is a lack of studies within the cooperatiaeng framework. To fill this gap, in this
paper cooperative games theory has been appliechdtiivate cooperation among
companies for the optimum management of a SC #rcttemical industry in Europe
under the existing Emissions Trading System (EM®)ich represents a financial
incentive to cut off GHG emissions. We present wehmethodology that integrates the
SC economic and environmental assessment, includirigpn trading policy, within the
cooperative game framework. The companies invoiwethe SC are considered as
players participating in a cooperative game. Thsulte highlight that when the
companies cooperate in a grand coalition, thatalk,the companies work in a
cooperating SC, the NPV is higher and the envirotaleimpact, assessed as the
Global Warming Potential (GWP), is lower than tivem@ll NPV and GWP achieved by
the companies acting individually. The stability tble grand coalition is assured by
finding a profit share drawn from the core of themg. Additionally, a sensibility
analysis has been carried out with the aim of apingthe effect of the key parameters
of the carbon trading policy (i.e. GQrice and emissions cap) on the game, showing
that the more restrictive the conditions are, tlieenadvantageous the cooperation is.

Keywords: CO, cap-and-trade, cooperative games, optimum supy@inananagement,
ARIMA price prediction.



1 Introduction

The objective of supply chain (SC) management ibdoefficient and cost-effective
across the entire system, which involves integnatal suppliers, manufacturers,
warehouses and stores (Simchi-Levi et al., 200@wéver, as well as other topics
related to industrial development, SC networks deimdhe application of the
sustainability principles during their process gasiOne major motivation for this trend
is the growing environmental concerns regardingnate change, which has led
governments to adopt specific policies to reduezghouse gas (GHG) emissions. One
of these policies are market-based instrumentsedmae emissions, which can also
represent a financial incentive for companieshis sense, in 2005 it was launched the
European Union Emissions Trading System (EU ETS)ichwvaims to reduce GHG
emissions by at least 40 % from 1990 levels by 2(B@opean Comission, 2014).
Although the EU ETS was the world's first internatill emissions trading system, there
are other national systems already operating, wthiehEU cooperate with through the
International Carbon Action Partnership (ICAP). HES is based on the cap-and-trade
principle, which consists on setting a cap on tht@altamount of GHG that can be
emitted by installations covered by the system.hiWithe cap, the companies receive
emission allowances each year which they can tvatte as needed. Each allowance
provides companies the right to emit one ton of,C©®a company’s emissions are
higher than the number of allowances free allochiethe government, it can buy more
from another company with allowances surplus. Tdis reduced annually by a linear
reduction factor, so total emissions fall over tinide current method of allocating
allowances is auctioning. According to the EU ETBeltive, at least 50 % of the
revenues generated from the auctioning of allowarst®muld be used for climate and
energy purposes (European Comission, 2017).

1.1 Supply Chainsunder theETS

Within this framework, industries involved in theT& must reconsider their SC
network strategies to reduce their GHG emissionswash as possible, so they do not
have to buy extra rights, that would reduce thest mcome. The cap-and-trade
regulation policy is one of the most effective esios reduction mechanisms and has
been widely implemented (Xu et al., 2016). Companvith the other globally used
carbon regulatory practice (carbon tax), carbowlitiga mechanism results in better
supply chain performance in terms of emissions ggiom and cost (Zakeri et al.,
2015). Ramudhin et al. (2010) were the firsts toppse a carbon market sensitive
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planning for sustainable supply chain network deqi@haabane et al., 2012). They
apply the methodology to an example derived fromdteel industry. Chaabane et al.
(2012) presented a mathematical model for the desigustainable supply chains over
their life cycle. Ruiz-Femenia et al. (2012) analyzthe effect of incorporating the

carbon emissions trading to the optimal design 8fCain the chemical industry taking

into account the uncertainty in the €@mission allowances price. They apply their
model to a petrochemical SC previously studied oyjlléh-Gosalbez and Grossmann
(2009). Fareeduddin et al. (2015) presented op#tioiz models based on carbon
regulatory policies for a closed-loop supply cheamsidering strict carbon caps, carbon
tax, and carbon cap-and-trade. Xu et al. (2016lyaed the behavior of a two-echelon

SC under the cap-and-trade regulation using diftem@chanisms of cooperation, such
as revenue sharing and two-part tariff contractse Tuthors also carried out a
sensitivity analysis to determine the effect of éineissions cap and market price.

As pointed out by many authors (Chen et al., 204 et al., 2011; Ruiz-Femenia et
al., 2012; Xu et al., 2016; Zakeri et al., 2015)e key point for the SC planning and
management under the carbon trade scheme is the&l@wvances price, which in turn
represents a great uncertainty source due to madgeendency. In fact, since the
implementation of the EU ETS, G@rice has undergone a constant variation along the
entire period (historic COallowances price data are available on Market itlans
website) . After the low levels (around 5 €) aclke@\during the period 2012-2017, the
CO, allowances price rose dramatically (more than #6n€CQ), and this trend is
expected to be maintained during the next yearstduée planned reduction in the
carbon cap.

Therefore, an accurate method for the predictiothefallowances price is decisive for
the design of a cost and environmental-effective. $ifferent models, such as

statistical and econometric models, artificial iijgence models, and ensemble (hybrid)
models have been proposed in the literature tocéstethe carbon price (Zhu et al.,
2018) as well as other commodity prices (Contrezagl., 2003). One of the most
popular models used for this purpose is the autessg/e integrated moving average
(ARIMA) models (Box et al., 1994), as they can euderize nonlinear data (Zhou et
al., 2014) and exhibit the advantage of its easeisaf, accuracy and mathematical
soundness (Contreras et al., 2003; Zhu and WeB)201



1.2 Gametheory strategiesin supply chain

Due to the globalization of markets, business dmtss on SC management are
influenced not only by a single decision-maker yseveral. Within this framework of
multi-decision maker, game theory, which preditts tational strategic behavior of
individuals in conflicting or cooperating situat;ynseems to provide an adequate
modeling basis for problems in SC management (Z&cl2010; Leng and Parlar,
2005). The field of game theory may be divided tdygn two parts, namely non-
cooperative game theory (each player optimizesvits objective and does not care for
the effect of its decisions on others) and cooparajame theory (all players share the
same objective). In turn, non-cooperative games dikeded in sequential and
simultaneous games (Cachon and Netessine, 200énhdieyy on the decision making
sequence. In sequential games, players acting Hater knowledge about decisions of
early players (e.g. Stackelberg game), while inuiameous games all players make
decisions simultaneously (Gao, Jiyao and You, Ferifif7) Game theory, specially
non-cooperative sequential games, has been sualtesgiplied to many fields, some
of them of great importance in the chemical industrch as the facilities safety (Chen
et al., 2020; Wu et al., 2020; Zhang and Reni€d$32

The main concern regarding non-cooperative gameryhapplied to industrial SCs is
whether this approach provides a solution that meds the total profit under Nash
equilibrium (Zamarripa et al., 2012). On the othand, one of the main questions when
applying cooperative game theory to SC networkshether cooperation is stable, that
is, whether there exists an allocation of the jgrdfit among all parties (companies
involved in the SC) so that there is no companygmup of them that can obtain a
greater benefit from that assigned within the d¢mali Both competitive and
cooperative game theories have been used by mahgrauo design effective SC
managing strategies. Nagarajan and S@008) published a review where different
models based on game theory are analyzed anddsektneiro et al. (2011) provided a
review of the applications of cooperative game theo the management of centralized
inventory systems. Yue and You (2014) presentecthematical model for the optimal
design of non-cooperative three-echelon biorefeserSC using the leader-follower
approach (Stackelberg game). This same approackateasised to optimize the design
of shale gas supply chains under economic anctyiéée criteria (Gao, J. and You, F.,
2017a, b). Zamarripa et al. (2013) addressed thel&@hing problem through a multi-
objective optimization of two SCs acting in bothmgmeting and cooperating scenarios
to lead the decision-making process. This work wasextension of a previous one
(Zamarripa et al., 2012) in which the SC plannisgperformed under competition
6



environment. Madani and Rasti-Barzoki (2017) depetba competitive mathematical
model of government as the leader and two competigreen and non-green supply
chains as the followers. More recently, Zheng e{2019) have employed cooperative
and non-cooperative game theoretic analyses toactmiize interactions among
different parties of a three-echelon closed-looppbu chain (which involves

remanufacturing and recycling used products); Jaraabl Rasti-Barzoki (2019)

examined different variables in a SC considerinjecBnt game scenario; Li (2020)
considered the social responsibility of a SC caerénd) four non-cooperative game
situations and Carrero-Parrefio et al. (2019) hauealied the economic and
environmental benefits of cooperation in water nggmaent in the shale gas industry.

Although some of the aforementioned literature @nésd SC design models including
environmental concerns, none of them accountedgecific carbon emission policies.
In this sense, and Xia et al. (2020) analyzedrtpact of carbon trading on low-carbon
supply chain under different production modes. Theply a non-cooperative game
model between low-carbon and ordingmpducts, based on which they analyzed the
impact of carbortrading on unit retail price, sales volume, salesfipand consumer
surplus. Xing et al. (2020) used Stackelberg gataestudy the changes in expected
utility of supply chain and its members broughtdhyanges in carbon emission trading
price, consumers’ low-carbon awareness, carbonsemnisand competition of third-
party recyclers. Halat and Hafezalkotob (2019) @né=d a study aiming to optimize the
inventory cost of a three stage SC applying a ®laekg game between the government
and the SC, where the government is the leadetten&C is the follower in decision
making, under four different carbon emission retjoies (i.e. carbon cap, carbon tax,
carbon trade, and carbon offset). Using a similamg approach, Du et al. (2015)
analyzed the impact of emission cap-and-trade nmestmain an emission-dependent
supply chain. Other authors (Tong et al., 2019 alsed this game structure but with
different players. In their study the SC is ledtbg retailer and manufacturers act upon
the retailer’s action. Within this framework, thegveloped an evolutionary game to
analyze the SC behavior under a cap-and-tradersy3tang et al. (2017) considered
vertical (among different levels of the SC) andibamtal (among entities of the same
level of different SCs) cooperation for two comped supply chains consisting of one
manufacturer and one retailer, under the cap-adetscheme. In the vertical direction,
the manufacturer is the leader and the retailer fétlewer and in the horizontal
direction, there is a Nash game about the emissamluction decisions between
manufacturers.



Table 1 presents a summary of the reviewed litezapuresenting game theoretic
approaches to the SC management including the feaitures of their models in
comparison with the model described in the prestrty.

Table 1. Comparison between this paper and re&iteties reviewed.

Authors Environmental Carbon  Carbon Gametheory
impact trading price
forecast

Non- Cooperative
cooper ative

Zamarripa et al. (2013)

Yue and You (2014)

Du et al. (2015) v
Gao and You (2017a, b)

Yang et al. (2017) v
Madani and Rasti-Barzoki (2017) v
Zheng et al. (2019)

Jamali and Rasti-Barzoki (2019) v
Halat and Hafezalkotob (2019)

Tong et al. (2019)

Xia et al. (2020)

Xing et al. (2020)

Li (2020)

v

L <
L AL L L L L <L
<

Thisstudy v

<
<
<

As shown in Table 1, most of the literature revidwegarding game theoretic approach
to the design and performance of SC under the pamagle system apply competitive
(or non-cooperative) game strategies, speciallyStaekelberg game (leader-follower).
However, to the best of our knowledge, there isaeklof literature regarding
cooperative game strategies applied to SC manademspecially in the context of
carbon cap-and-trade. Indeed, (Agi and Hazir, 2019) recent review pointed out the
scarcity of studies applying cooperative game cptsceo green supply chain
management. Although economic advantages in hdakeooperation (i.e. companies
belonging to the same SC stage) have been provesct{Bel, 2010), there is also a
research gap regarding the environmental inteffegti® type of cooperation in SC. To
fill this gap, in this work we explore not only treconomic but also the possible
environmental benefit of cooperation among diffél@mpanies that manufacture same
chemical products within the EU ETS scheme. Thiag,rhain novelties of our study
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are: 1) the application of cooperative games théme optimal design of sustainable
Supply Chains for petrochemical industries; 2) ewph, besides the economic
advantage, the possible environmental benefit ofizbotal cooperation among
companies; 3) incorporating the carbon tradingqyaio a multi-period optimization SC
model; and 4) the use of ARIMA methodology for frediction of CQ allowances
price in the time horizon considered. As far askwew, this is the first time that these
four features are integrated in a modeling framéwibat can be used to lead decision
and policy makers.

The remainder of the paper is organized as follesestion 2 describes the problem
statement, in section 3 the methodology and mattieahdormulation is detailed,
sections 4 and 5 present the case study selectkethaim results obtained and, finally,
in section 6 the conclusions drawn from the resariésexposed.

2 Problem statement

We consider a three-echelon SC for the chemicalstmg consisting of production,
storage and market stages. The general networkdesla set of plants, placed in
different locations in Europe, with their respeeti@ssociated warehouses and a set of
markets, where the products manufactured at plargssold under certain demand
limits. The sets of plants, warehouses and marke¢sindexed byj k andl

respectively. Every plant has 6 available techniel@ndexed by ), which are used to
obtain 6 different chemical products (indexed jpy A3suming a possible horizontal

cooperation among firms (i.e. plants), the respectvarehouses can be shared among
all plants, so the minimum product total demandpadsed by the markets can by
satisfied at the maximum profit. Therefore, all gible connections among plants,
warehouses and markets are considered for the @opme SC planning (Figure 1).
This SC superstructure is based on that originaigsented by Guillén-Goséalbez and
Grossmann (2009), which study was later extendedthgr authors (Ruiz-Femenia et
al., 2013; Ruiz-Femenia et al., 2012). The mairfedihce between our proposed SC
and that previously analyzed is that we considet thach plant (and respective
warehouse) belongs to a different firm, while ire ttnentioned studies all possible
plants and warehouses belong to the same compawogeTauthors studied whether to
expand the capacity of an existing plant or builsheav one in another location in
respond to a demand increase. Conversely, in tihy sve assume that all plants exist
and can satisfy markets demand by their own. Thedkeestion here is whether the
overall and individual performance can be improfeadl companies work together in a
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cooperative SC. In that way, the overall and iralnal profit increase, as well as the
total GHG emissions decrease, since chemical ptaratsonsidered emission-dependent
industries (Du et al., 2015). Remark that, despaeperation, all companies preserve
their own identity and facilities, as well as thempacity to fulfill their customers

demand.
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Figure 1. Superstructure of the SC network withzomtal cooperation.
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The problem is formally stated as follows. Given:a time horizon divided into a set
of time periods (indexed by ), the specific locatiofor the SC facilities (plants,
warehouses and markets), capacity expansion liotigfor the technologies available
in plants, prices of final products and raw matsricnvestment and operating costs,
maximum and minimum product demands in markets; @ldwances price forecast,
environmental data (emissions associated with #tevark operation) and emissions
cap imposed to each plant. First, it must be cletdkat the optimal structure and
planning decisions of a cooperating SC is econdmacal environmentally more
efficient than SCs individually managed. Then, goal is to determine how to share
that global benefit among all firms comprising tt@alition formed, so that none of
them wants to abandon it and work alone or in smaibalitions. To this aim, the
cooperative game theory is applied using the corept, originally introduced by
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Gillies (1953), as allocation method to ensure #tability of the so-called grand
coalition

3 Methodology and mathematical formulation

The methodology applied in this work is illustratedFigure 2, where its three main
components (supply chain model, its economic andr@mmental assessment and the
cooperative game theory) and the connections arttang (i.e., information flows) are
showed. The input data required are divided intgrd@ups: supply chain data; LCIA
results for the GWP indicator; and historic £&lowances price, which in turns feed
the ARIMA model to compute the price forecast (seetion 3.2). The SC model (see
section 3.1.1 for a detailed description), wheféetknt companies cooperate, sends the
SC assessment part the values of the decisionblesiaequired to compute the NPV
and GWP (see section 3.1.2 and 3.1.3, respectjwetyich are linked by the carbon
cap-and-trade model. The economic performance {lBV value) of a particular SC
design is sent back to the SC model part. The carepdhat form a specific coalition in
the SC model are fixed by the information flow ligee from the cooperative game
theory unit (specifically from the solution of thdILP subproblem), which in turn
receives the NPV that assess that coalition foraditay the SC model part. These four
information flows progress iteratively until theopping criterion of the row generation
algorithm (see section 3.3.2) is satisfied, andntlaén outcome of our approach, a profit
allocation in the core (defined in section 3.3Hgttguarantees the stability of the grand
coalition, is achieved.
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SUPPLY CHAIN MODEL

fCompany1 ~~~~~ A~} —%

Supply Chain ~J
- data

. 4ddid » - ® (S
) )
___________ |
» &
i 0
= ’
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Decision S o, b
8 variables NPV @ COOPERATIVE GAME THEORY
. S @ P .Subcoalition Row generation algorithm ——
nvironmental A o2 ) Master Problem
data (LCIA) SUPPLY CHAIN ASSESSMENT | § C (LP) "
Carbon cap-and-trade model \~ : !
~— Env1r0nm§$;| Impact j 'S - L Subproblem <_|
Historic CO, o (MILP)
allowances price .
Economical performance
NPV ~| {

Profit allocation
in the core

Figure 2. General scheme of the methodology torahie a profit allocation that promotes
cooperation among all companies, by integratingstigply chain model, its environmental and
economical assessment and the cooperative gamgy tigaeen the supply chain data, the LCIA
data and the historic G@llowances price.

3.1 Supply Chain Model

The design problem is formulated as a multi-penaged integer linear programming

problem seeking to maximize the NPV of the coopegaSC. The main blocks of

equations are mass balances and capacity constrainfplants and warehouses,
environmental assessment equations, which incltidesarbon trading model, and the
economic objective function. In this paper, we shanly the main equations of the
model, the interested reader can find the detaifextlel in Guillén-Gosalbez and

Grossmann (2009) and Ruiz-Femenia et al. (2013).
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3.1.1 Mass balances and capacity constraints

At each node of the SC network (i.e. plants, wanske and markets) the mass balance
must be satisfied. Figure 3 shows a scheme of #ia ffows among nodes of the SC,

wherePU,, denotes the purchases made during period forgaohj and chemical

productp ; W, is the input/output flow of chemicgb associated with technology
at plant j in time periodt; INV, the inventory of warehoude duringt for product
p; SA, represents the sales @f during t in marketl . This value must lie between a
minimum and a maximum demar(ﬂﬁ,DIpt ) et andQy are the amount op
transported in time period from plapt to wareloks and from warehousk to
marketl, respectively. The mass balance for each pladisrézg. (1))

[ [o) o "
PUp * @ Wiy = a Qjigt toa Wiy J,p.t 2)
i1OUT (p) k i IN(p)

In Eg. (1) IN(p) and OUT (p) are subsets of technologies that produce and numsu
p, respectively.

Similarly, the mass balance for each warehousesrézgl (2))

INV g + é- jT(IF_)t = éQ\ltiT +HINV "k, p,t (2
j |

Where INV,,, , represents the initial inventory, that is, theentory in the previous
time period(t -1) .

Finally, product sales in markets are defined lgyrttaterial flows from the warehouses,
as Eq. (3) states

S'Alpt = é. \IQIF;| "p!|1t (3)
k
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Figure 3. Scheme of the mass flows through the &®ark.

In Figure 3,Ci" andC" are the capacity of technology at plgnt  andcéeacity
of warehousek in time periotl , respectively. Theapacities are calculated as
follows (Egs. (4) and (5))

Ct =CP, + CEXp* i, it (4)

Ijt
ci =M + CExp)t Ok, t (5)

In Egs. (4) and (5)(3”t -, and C" are the existing capacities at the end of theipusv

time period(t - 1) , andCExpiﬁL and CExp," are the capacity expansions that can
occur duringt, which are bounded within lower and upper limés,stated in Egs. (6)
and (7), respectively

CEXput yllt = CEXp|PL s CEXp”t yllt Di' j’t (6)
CExp," yp"' < CExpi" < CExpa" " Ok, t (7)

yiiL and y;" are binary variables whose values are 1 if the timeed capacity
expansions occur in time periad

Additionally, the production rate of the main pratp in technologyi in plant j,
must be lower than the existing technology capaaity higher than a desired minimum

which is calculated as a percentagef this capacity (Eg. (8))
14



tC., £W

ijt ijpt £C

“i,it "pl MP() (8)

ijt
where the subse¥iP(i) defines the main produgi associated with technology

Similarly, the total inventory of warehoude in time periodt must not exceed the
available warehouse capacity, as shown in Eq. (9)

o £ CR "kt (9)

a INV

p
Finally, the existence of transportation links bedw plants and warehouses as well as
from warehouses to markets is defined by the bineayiablesc; and xg',

respectively. When these variables take the valud,ahe corresponding flow is
allowed within certain bounds, as stated in Eg8) éhd (11)

jkpt £ a ijpt ijpt jkt "j'k't (10)
\lﬁ/pl;{ Xklpt £ a lept lept Xklpt "kt (11)

3.1.2 Environmental impact assessment

The environmental impact is quantified using thdelLCycle Assessment (LCA)
principles. Specifically, we make use of the glolwarming potential (GWP) indicator,
as described by the intergovernmental panel onaténshange 2007 (IPCC) (Hischier
R., 2010), which estimates the relative contributio the global warming of one kg of a
GHG compared to the emission of one kg of,C@e consider three main sources of

emissions- transportatio(GWPTR), energy requirememﬁ;WPEN) and raw materials

consumption(GWPRM ) that contribute to the total GWP (Eqg. (12)).

total

GWP, = GWP'® + GWP " + GWPRM "t (12)

To compute the three contributions to the total GWE(q. (12), the environmental data
and the values of the decision variables that tlyeafluence each environmental
impact source for GWP are required. For this emvitental metric, we use a time
horizon of 100 years. LCA databases offer datattioee different time horizons, 20,

100 and 500 years (Pennington et al., 2000). Aardsgthe decision variableGWP™

15



is calculated from the transport floW®f’, ; QY ), GWF™ from the production rates

(W, ) andGWP™ from the raw materials purchasgU ; ), as follows

GWRT = § & & mpTITQT ¢ & & & mpTiQu v (19)
j k p k | p
EN _ & & 18 EN 1.EN " (14)
GWP™ =a a almp h W, "t
i i p
o] o o "
GWP™ =3 a a mp™hiiw,, "t (15)
i i pIlMP(i)
RM _ & 8 RM "
GWPRSM = a a ImpPU t (16)
i P

In Egs. (13), (14) and (16)mp™, Imp™ and Imp}" represent the life cycle impact

assessment (LCIA) result for the GWP indicator tlu¢he transportation of 1 ton of
mass 1 km of distance, the usage of 1 MJ of en@ngythe consumption of 1 kg of raw
material p, respectively. These values are taken from Ecoingatabase (Frischknecht

et al., 2005b).

In Eq. (13),1 ;¢ is the distance from plant to warehousek , while 1" is the distance

from warehousek to marketl, and in Eq. (14)h)' denotes the energy consumed per

unit product of the main producp produced by technology in plant j, which
includes electricity, steam and cooling water.

The overall GWP during the entire time horizont 6C is calculated as

total

awP™ = § cwp™ (17)
t

3.1.3 Objective function

The objective of the SC design is to maximize tle¢ Rresent Value (NPV), calculated
by Eq. (18)

— CFK
NPV = ZW (18)
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Where CF, is the summation of the discounted cash flowsaicheperiod of time and
ir is the interest rate. The cash flow is definechasniet earningéNE) (i.e. profit after

taxes) minus the fraction of the total depreciatapital (FTDC,), at each time period
except the last one (Eq. 19) for which we consitiat a fraction of the total fixed
capitalinvestmem(FCI ) will be recovered (salvage value ratw,) (Eq. (20)).

CF, = NE, - FTDC, t=1%,NT -1 (29)

CF, = NE, - FTDC, + svFCl t=NT (20)

The net earnings are obtained by subtracting costistaxes from total incomes. The
revenues are determined from sales of final prajwadbereas the total cost includes the
purchases of raw materials, the operating and tovgrosts associated with plants and
warehouses, the transportation cost and the deypicetci which is considered to vary
linearly with time. Regardind-Cl , it is determined from the capacity expansions of
plants and warehouses as well as the establishofi¢ransportation links. For further

description of the calculation oNE, and FCI see Guillén-Gosalbez and Grossmann
(2009).

The environmental performance of the SC is incafsat to the objective function by
monetizing theGWP through the emissions trading model, presentdebjin(21), which

states that the total equivalent £@0,-eq) emitted equals the maximum emissions
corresponding to the free allowances given by theegiment(Cap™®) plus the extra

rights to emit bough{Buy %) minus the rights sol@Sales™) .
GWP“™ = Cap®™: + Buy ™ - Sales™: Ot (21)
The net income Net™>) due to emissions trading is calculated by Eq. (22)
Net®* = Price” Sales™: - Cost™®:Buy™®: [t (22)

Where (Price”™) and (Cost™) are the emission allowances price and cost,

respectively, which can be equal or different (Latine and Balakrishnan, 2005). In this
study we assume the same value for both parameters.

The value ofNet™ is included as another income of the SC inle calculation.
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3.2 CO, allowances price forecast

As aforementioned, the prediction of the emissiali®vances price is a key factor for
the optimal design of the SC under the carbon tigagdcheme through a time horizon.
To this purpose, we apply the ARIMA model using thstorical CQ emissions price
data.

ARIMA models are generally denoted as ARIMA(p, ¢, where the autoregressive
order, p, the order of differencing, d, and the mgvaverage order, g, must be
identified. In this model, carbon price is a linéanction of past values and error terms
and can be mathematically expressed as in Eq(Z28)and Wei, 2013)

Ye=uray, ,tay, ,+tL +ay, ,-6-bg ;-bg L -bg, (23)

whereY, is the carbon price obtained by differendngnes;u is the average value of
the data setg, is the error at peribd  (hypothktid@te noise) andg_;, &_, ...,

§.q are the errors of past forecasted values, asstoneel independent and identically
distributed with a mean of zero and a constantavag ofo” ( i.e., {q} ~iid.(0,0%)

yanday, a,,...,a, and 3, B,,..., B, are the parameters to be estimated.

To determine the order of the AR (autoregressive)l MA (moving average)
components, it is usual to build a time series datingnostics chart with the
autocorrelation (ACF) and partial autocorrelationdtions (PACF) (Shumway, 2017),
or use criteria based on penalty factors such ask&kinformation criteria (AIC) and
Bayesian information criteria (BIC) (Brockwell, 20)1

3.3 Cooperative games model

The main objective of cooperative game theory i®dtablish a contract between all
players (in this case, each company is consideyeoeta player) to divide the total
wealth generated collectively (Gilles, 2010). Thntract can be based on power or
fairness exclusively or on a mixture of both. Theferred game form to describe
cooperative games is the characteristic functiomfavhich represents the negotiation
process to allocate the profit generated by theraative decision process. This
negotiation process leads to a balance in whicle rajrthe players or group of them
(i.e., coalition) have incentives to oppose theppeed agreement. The resulting set of
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allocations form the so-called core of the gamee Tain properties of the core are
detailed below.

3.3.1 Coredefinition and properties

Given a set of playerd\ = {l, 2,..... N}, any subset of them is called a coalition
(ST N), being the grand coalition that formed by all glsyS ° N = {1,2,....N} .

Thus, the total number of possible coalitionll¥ . Any player and coalition among

them are considered as decision makers. The ckasdict function,n : 2‘N‘ ® j,isa
vector function that assigns a profit value to eaohlition (S) which is the best

outcome that players forming coalitioB can attain without cooperating with the
players not belonging t6 . The profit share allocated to players denoted by, , so

the vector composed by all these shares, (pl, [P ,p‘N‘), gives an allocation of

the total profit for the grand coalition. Since riaanust be an incentive to cooperate,
otherwise, cooperation will not occur and the ooteowill be inefficient, the profit
allocations should fulfill some properties (Dredns010). One of these properties is
efficiency, which states that the profit of the grand coatitimust be equal to the
summation of the profit shares (Eq. (24))

n(N)=a p, (24)
nl N

Another desirable property, calleiehdividual rationality, specifies that the profit
attained by a player cooperating is at least ak thgn the profit while acting alone

(Eq.(25))

p, * n({n}) "nT N (25)
Individual rationality can be extendeddaalitional rationality as described in Eq. (26)
ap?n(s) "siN (26)

nl's

If Egs. (25) and (26) are met, we can assure tleagtand coalition is stable since no
player has any motivation to form a smaller coatitiS. Any profit allocation that
guarantees efficiency and rationality propertiecadled an imputation. By merging

19



efficiency and rationality properties, given a sétplayers N and a characteristic
functionv , a coreC is be defined as the following set:

C(N,n):zipT i Nl& p,=n(N)and § p, ® nB)

niN nl' s

- - ;
"SI N S % 27)

Therefore, any profit shareg, drawn from the core (i.e. is a non-dominated itapan)
ensures the stability of the grand coalition.

In terms of mathematical programming, the core ifipeca constraint satisfaction
problem of the form:

min z=1
st., é p, = n(N)
ncI>N . (28)
a p, n®S) "S| N,St! £
nTSA .
Pyl i nl N

Note that the only reason to introduce a dummy atiyje function in problem (28) is
for the purpose of using an optimization solvemtdain a point of the core, but the
whole core results by solving the constraint satisbn problem.

The core can be easily illustrated in a triangudagram for a three-player game
(Maschler et al., 1979). In Figure 4, each pointtlod triangle represents a profit

allocation p = (p;,p,.p;)in which the efficiency constraint (Eq. (24)) haldshe

vertices of the triangle display the maximum pratitainable for each player, that is, if
the total benefit of the grand coalition is assijib@ one of the players. Figure 4 a) and
b) show the feasible region defined by individuadl @oalitional rationality constraints,
respectively. The intersection area of both reggatssfies all the constraints and hence,
constitutes the core of the game (Figure 4 c).&aumerical illustration see Carrero-
Parrefio et al. (2019).
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Figure 4. Geometric interpretation of a three-ptay@me using a triangular diagram: a) region
(blue shaded) defined by the individual rationatignstraints; b) region (red shaded) defined by
the coalitional rationality constraints; and c) theersection of the two previous regions defined
the core of the game.

3.3.2 Row Generation Algorithm

As mentioned before, the number of possible coaldiis Z‘N‘, therefore this number
rises exponentially with an increasing number aypls and so does the number of
constraints specified for the core definition (H@7)). To address this problem,
Drechsel and Kimms (2010) introduced a row genemagirocedure in order to avoid
computing the constraints for all possible coatitido find a core element. To address
this problem, Drechsel and Kimms (2010) introdueedow generation procedure in
order to avoid computing the constraints for alkgible coalitions to find a core
element. Using this procedure, with the necessaugifications on the algorithm to
compute the maximum profit of the SC instead of tisimum cost, it is possible to
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apply the core solution concept for the plannind aranagement of a SC composed of
many collaborating companies.

First, an initial set of coalitions is defined. The algorithm starts with a relaxetsian
of the whole problem (28), denoted as the masteblem MPE), and adds missing
relaxed constraints over several iterations aintmgobtain an element of the core
without adding all the constraints. The master fEwbis a linear programming problem
(LP) of the form
min w
st., é p, = N(N)
ncI)N R
a p, +w? n@sS) "ST1'S (29)
nis_ ~
Py i ni N
w3 0

If the optimal solution{w? pné} , of the MPE) gives a result ofv® = 0, the core exists,

otherwise the game has an empty core, that iggrdmed coalition would not be possible
and effective sub-coalitions should be found. lis ttase, the algorithm stops. In the
case that the core is non-empty, we continue with grocedure by seeking a new
coalitions'i s (s't ) for which profit allocation is not in the coreatfis, it does
not meet the rationality constraint (Eq. (26)), §p pf‘ < n(S'). If such coalitions"
nis'

cannot be found, then the algorithm stops becawsaltocation yielded by the MEY
solution, p2, is in the core. To find out whether a coalitisn exists, we fix the profit

allocation to the values provided by the MP§olution, p;’f‘, and solve the following
Mixed Integer Linear Programming (MILP) subproblem

maxm

st., SC model constrain{g)
a pyu, + m=n(S’)
ni N (30)
mil

R
u, T {03
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where u,, is a binary variable that takes the value 1 whielygy N is in coalitionS'

and 0 otherwise. The value of these binary vargahtehe optimal solution provides the
coalition that violates most the core constraint.chse this coalition is found, the
algorithm continues by computing the total proét this coalition, adding the relaxed

constraint (31) to a new instance of the BRPWwhereS = S E{S} , and repeating the

process through successive iterations until noitbt@malthat violates the core constraint
is found. In this case, the optimal valuesppf obtained in the previous master problem

define a core allocation.

ap,+wsn(s) (31)

nl s’

4 Casestudy

The mathematical model described in section 3 pdieghto a case study consisting of a
cooperative SC composed by seven companies (coedids players participating in a
cooperative game), each of which manages a plahaamarehouse located in different
parts of Europe, namely: 1-Frankfurt (Germany), dcbarcika (Hungary), 3-Leuna
(Germany), 4-Mantova (Italy), 5-Neratovice (CzedmpRblic), 6-Tarragona (Spain) and
7-Wloclaweck (Poland). All plants have 6 technoésginstalled, which are used to
manufacture 6 main products (particularly, acetayde, acetone, acrylonitrile, cumene,
isopropanol and phenol) as described in case dtymgsented by Guillén-Gosalbez and
Grossmann (2009). The total number of chemicalslved in this SC is 18. The 6 main
products are sold in 4 final markets placed in laguderatovice, Sines (Portugal) and
Tarragona. Figure 5 presents the approximate gpbipa distribution of the
mentioned SC entities. In Table A.1 and Table Af2Appendix A the distances
between plants and warehouses and between warshaudaenarkets, respectively, are
shown.
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Figure 5. Geographical distribution of plants, wereses and markets: 1-Frankfurt, 2-
Kazincbarcika, 3-Leuna, 4-Mantova, 5-Neratovicd,aragona and 7-Wloclaweck.

We fix the time horizon to 10 periods, being eaehiqul one year long. We consider
that all technologies available in all plants hdle same initial capacitfciﬁil), 20

ktons/year, while all warehouses have an initiglacéty (th‘“"jl)of 20 ktons and the

initial inventory for all of them(] vaptzl) is 0. The lower and upper limits for the

capacity expansions are 10 and 400 ktons/year laortgg and 5 and 400 ktons for
warehouses, respectively. The purchases of rawrialatare limited to 32 ktons/year
and purchases of intermediate and final produetsat allowed to prevent outsourcing.

The total demand in markets is divided among athganies, so all of them must satisfy

their corresponding demand portion. The maximum atetrof chemicals(?pt)for the

first time period is shown in Table A.3, assumimgiracrease of 5 % per time period. In

this study we consider that at least 90 % of tleisi@nd must be satisfie(chIpt ) The

prices of the chemical products as well as otherd8€ign parameters can be found in
Appendix A.
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The lower and upper bounds on the flows of matet@tween plants and warehouses

PL . PL H . A~AWH i
( it Qikpt ) and warehouses and markely ' ; Qg ) are 5 and 500 ktons/year in

both cases.

The initial GHG emissions ca(ptapti%) for each plant is set to 2x1Rg CO-eq , which

is estimated from data of emission rights assigrrpehlished by Spanish government .
In addition, we establish an annual reduction Ht@.2 % according to the phase 4
(2021-2030) of the EU ETS (European Commission5201

5 Reaults

In this section we present, firstly, the most sal@gaARIMA(p, d, q) model for our case
study and its resulting predictions for the £O®ices. Then, we describe the structure
and performance of the optimum SC described ini@geet when the companies take
part in a 7-player cooperative game. Finally, asgeity analysis has been carried out
in order to assess the effect of the key paramefdise carbon trading model (i.e. €O
price and cap) on the game.

5.1 CO, allowances price forecast

To apply the ARIMA model for the prediction the g€@lowances price through the

time horizon considered, firstly, the most suitabl@ameters p, d and q must be
determined. To this aim, the first step is diffariey de non-stationary time series data
set (raw data retrieved from Market Innsider wabg&21020)) in order to get a stationary
one. Normally, the correct order of differencingthe lowest that yields a time series
which fluctuates around a well-defined mean valn@ur case, applying a difference of

order d equal to 1, the data set becomes stati@sasiriown in Figure 6.
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Figure 6. Result of the first order differentiatiofnthe raw data set.

Then, the parameters p and q have been identiffedalculating AIC and BIC for
different ARIMA(p, 1, q) models. Thiewest values of AIC and SBC define the best model
which turned out to be 4 for both p anduging this ARIMA(4,1,4) model together with a
Monte Carlo simulation, the GQallowances price has been predicted for different
scenarios from 2020 to 2030. The simulation hasnbearried out using the
Econometrics Matlab Toolbox. Figure 7 presentgéiselts of the C@allowances price
prediction. The grey line shows the g£@llowances price historical data since 2010
(data retrieved from Market Innsider website (2020he solid black line represents the
mean value for the price predicted by the modeltl@ period 2020-2030 while the
dotted lines are the highest and lowest valuesigisetl within a 95% confidence
interval.
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Figure 7. CQallowances price forecasting.
5.2 Cooperative 7- player game

Given the mean value of the @@llowances price predicted by the ARIMA(4,1,4)
model as the base case, we have analyzed the rparfoe of the cooperative SC
described in section 4. In the first place it mostdetermined whether the cooperation
among all players (i.e., grand coalition) is adegebus in comparison with the overall
performance of all companies working separately.tiie aim, we optimize the SC
model for each sub-coalition formed by a unique pany and for all the players
working together. Table 2 shows the maximum NP\ia#d as well as the GWP
generated by each company working individually eodperating in the grand coalition
to satisfy the markets demand of products for tesiclered time horizon. As can be
observed, the NPV achieved by the grand coalit8®8.69 M€) is higher and the GWP
(14.092 Mton CQ@eq) of the grand coalition lower than the summaid the NPVs
(240.73 M€) and GWPs (14.39Mton COy-eq corresponding to each company
working separately. Specifically, the grand coatitiimproves the economic and
environmental performance of the SC in approxinyagd % and 2 %, respectively.
Although a decrease of 2 % may seem unimportangpitesents nearly 300 ktons less
CO.-eq emitted into the atmosphere, which would hayp®sitive impact on reducing
climate change.

Table 2. NPV and GWP for each company acting séggrand for the grand coalition.
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Player n NPV, cwp™

n

(company) (M€) (Mtons CQ-€q)

1 23.17 2.032

2 42.87 2.087

3 12.27 2.024

4 33.24 2.053

5 52.41 2.046

6 30.67 2.086

7 46.10 2.063

SINPV, Y GwPe 240.73 14.391
Grand coalition 308.59 14.092

Once proven that forming the grand coalition ishb@tonomically and environmentally
beneficial, the NPV obtained for the grand coatfitroust be shared among companies
in a proper way, so that all of them are willingcmoperate and none have incentive to
deviate from the grand coalition. Since the numtfepossible sub-coalitions in a 7-

players game is very hig(Q7 = 128), the core allocation was found by means of the

row generation algorithm described in section 3.&Rich is a relaxed version of the
whole problem that would require an individual eatlity constraint (Eq. (25)) for each
one of the 128 sub-coalitions. This algorithm stavith an initial sek of 8 coalitions,
which includes the 7 seven sub-coalitions formedabynique player and the grand
coalition. To build the constraints that define firet Master problem (Eqg. (29)), we
need to write the individual rationality constrafiiy. (25)) for each company. The RHS
of these inequalities are the values of the charastic function for each sub-coalition
formed by a unique company, computed previouslpgymizing the SC model (Table
2, NPV; column). The other constraint required to formelldite first master problem is
the efficiency constraint (Eq. (24)), whose LHS hasady been computed (the NPV of
the grand coalition). The solution of this first ster problem offers a profit share

among companies7t =91.03, 772 =42.87, 74 =12.27, 7. =33.24, 1 52.41, 11 =30.67,
ﬂf‘=46.10) that belongs to the core of the game. Naiey fixing this profit allocation

we formulate the first MILP subproblem (Eq. (30hdasolve it to find the sub-coalition
that violates most the rationality constraint. lwstance, for the first subproblem, the

sub-coalition found is S':{2,3,4,5,6,?. From that sub-coalition, a coalitional
rationality constraint (Eq. (26)) can be addedhe first master problem to build the
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second one, whose solution provides a new prdétation for the second subproblem,
which in turn is solved to complete the secondatien. From here, the algorithm
performs successive iterations until the stoppittgron is satisfied, no sub-coalition is
found by the subproblem at iteration 14 (Table 2w&h the iteration progress).
Comparing the values dlPV, in Table 2 with the last iteration provided in Tal3,

corresponding to the ultimate core imputations itlear that the payoff assigned to each
company forming the grand coalition is higher thia@ maximum NPV that they could
achieve working individually or forming any othenaller coalition (i.e. individual and
coalitional rationalities, Egs. (25) and (26), arkilled).

Table 3. Iteration progress of the row generatigor&thm with the optimal profit allocation
from the master problem solution and the coalitmund by the subproblem.

MP(Z) solution (M€) Subproblem
solution
pi p; p; pz p; p; p; Coalition S

lteration 1 91.03 42.87 12.27 3324 5241 30.67 106. 5={2,3.4,56)
lteration 2~ 2317 42.87 1227 33.24 120.30.67 4610 §={1,234,6Y
lteration 3 23.17 97.29 12.27 3324 6584 30.67 106. 5:={134,56Y
lteration 4 2317 42.87 1227 3324 5241 9853 1@6. 5={12345)
lteration 5 33.83 50.98 28.07 33.24 6584 5053 186. s={34}

lteration 6~ 33.83 50.98 3581 3324 5810 5053 186. s={145}
lteration 7 33.83 50.98 2540 43.65 58.10 5053 186. $={1356Y
lteration 8~ 33.83 43.23 23.47 4559 6584 5053 1816, S={236}
lteration 9~ 33.83 50.98 3315 3591 65.84 4279 1@6. s={2346Y
lteration 10 2317 50.98 12.27 3324 6584 30.67.4B2 5:={12345%
lteration 11 33.83 47.54 27.77 41.28 6154 5053.1016  g={4}

lteration 12 33.83 47.54 26.87 4128 6154 5053.007 g={234}
lteration 13 33.83 47.54 26.87 4128 6154 50.53.007 $={12356)

[teration 33.83 49.04 2687 39.78 6291 47.66 48.49 s={A
14

Both the LP master problem and the MILP subprobleeme been modeled using
GAMS (General Algebraic Modeling System) and solweth CPLEX 12.7.0.0. Table
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4 indicates the problem size for both models cpoading to the worst case, which is
the last iteration for the master problem as itudes the highest number of coalitional
rationality constraints, and the subproblem witghieist CPU time. In terms of CPU
time, the subproblem uses 3.5 times more resotineesthe Master Problem, being 10
s, approximately, the total time used by the rowegation algorithm to produce the
outcome.

Table 4. Model statistics for the two types of mledsolved in the row generation
algorithm.
Master Problem Subproblem
(LP) (MILP)
Number of equations 22 5666
Number of variables 9 8056
Number of binary variables - 301
CPU time (s) 0.157 0.547

As commented before, the formation of the granditbma is not only advantageous in
terms of economic benefit but also in terms of emvinental performance. On the one
hand, the introduction of the cap-and-trade poil@juces the companies to minimize
their CQ, emissions since they must buy additional rightsrtot if they exceed the free
allowances granted by the governments. Besideg,hthee the possibility of obtaining
extra incomes by selling the surplus of allowanegsich also impacts their economic
performance. Figure 8 depicts the contributionha&f het income due to the emissions

trading (Nett°°2) to the net earningéNE[) of the SC network developed by the grand

coalition. During the first time periods, the toghissions remain below the carbon cap,
thus a percentage of the net earnings correspotiteteales of emissions rights. From
time period 5, the free emission allowances allet¢atre not enough to cover the total
emissions of the SC, therefore part of the incomest be employed to buy extra rights
to emit. This is due to the joint effect of thelwam cap reduction and products demand
growth in markets with time.
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Figure 8. Contribution of the net income due tdoartrading to the net earnings of the SC.

On the other hand, the possibility of sharing fied among the companies cooperating
in the SC allows to optimize the resources involvedthe environmental impact

assessment as well as the transportation links degtvihe SC entities. As can be
observed in Figure 9, except for time periods 5 anithe CQ equivalenemitted by the
grand coalition is lower than that emitted by tHanps working without cooperation.

[1 Grand Coalition

Plants working individually

2.0
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(ba-£0D suoIN) dMO

This difference is especially noticeable for thst kime periods, where the demands of

the different chemicals in markets are the largest.

Time period
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Figure 9. GWP (Mtons C£eq) generated by all companies working individgahd by the
grand coalition.

Analyzing the total production in plants, depicted Figure 10, there is a great
difference among the production of plants dependmgheir respective investment and
operating costs (see Appendix A, Table A. 5, T#blé and Table A. 7). The plant with
the lowest costs (that located in Neratovice) esdhe that contributes most to markets
supplies. In addition, there is a market placedh@ same location, which in turn
accounts for the highest demand (Table A. 3) ameesd price (Table A. 4) of all
chemicals. This circumstance further favors thedpotivity of this plant. On the other
hand, the plants with lower productions are thosth whe higher costs (namely
Frankfurt and Leuna). Specifically, Leuna, despiéng situated in the same city as the
market with the second highest demand, has a wvyproduction due to its high
investment and operating costs.
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Figure 10. Total production of plants during thredihorizon considered.
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The production of all products at plants and saleall products in markets for time
periods 1, 5 and 10 are shown in Figure 11. In gecbdn charts, the blank bars
represent the capacity of the technology and tHered ones indicate the actual
production of each chemical. Similarly, in salesarty the blank bars represent the
maximum demand of each products while the colorezs@re the actual sales (note that
at least 90 % of the maximum demand must be sadisfiNotice that, although
acrylonitrile is the most sold product in all maikethe one with a highest production is
cumene. This is because cumene is also used amatevial for the technology that
produces acetone and phenol.

Plant production and capacity [tons/year]

5x10“ 5><104 ‘ 5,'10“

IS

w

N

-

il

M 1 «w

A 3 03 & R AR P GO P
(@» oo\ Vo (\\o S° é\\;\ ’s\o* & ,06‘5 vtbp & «a“\o ’b@\ @Qo \oe
S K ‘\e@ < & & @‘Q’ xS @& < PR
Ay ¢ +
t=1 t=5 t=10
Sales of products [tons/year]
4 4
g X10 g <10

t=10

I acetaldehyde [l acetone, liquid acrylonitrile [l cumene Il isopropanol [ phenol

Figure 11. Maximum capacity (blank bar) and act(@dlored bar) production of each
technology (upper row), and demand upper bounadhkidbar) and sales (colored bar) in markets
for all chemicals (lower row) at time periods lard 10.

Regarding the SC structure, as an example, FigRrprésents the flows (ktons/year)
between plants and warehouses and warehouses ath@tsnaorresponding to the
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highest demanded chemical (see Table A.3), actyilenifor the same time periods (1,
5 and 10).
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Figure 12. SC network and flows (ktons/year) far thighest demanded product (Acrylonitrile)
in markets: a) time period 1, b) time period 5 aptime period 10.

5.3 Senditivity analysis

In this section, we present the most significastlts of the sensitivity analysis carried
out in order to study the effect of the €@&lowances price and the carbon cap reduction
rate on the proposed cooperative game performance.

5.3.1 Effect of the CO, price

As explained in section 5.1, the ARIMA model préslian evolution for the emission
rights price within a confidence interval. In thrange, different price evolutions (i.e.,
scenarios) have been forecasted using a Monte Gartgpling. Particularly, in this
study, we analyze the behavior of the 7-player gaoresidering the upper and lower
price scenarios predicted by ARIMA(4,1,4) and coregaem with the results using the
mean value prediction previously analyzed. The eslof the maximum NPV attained
by each company working individually and by the ngtecoalition, as well as their
respective GWP for the upper and lower emissioawalhces price predictions, are
shown in Table 5. Like in the base case analyzéardethe grand coalition turns out to
be advantageous in both economic and environméstals. The cooperation among
companies increases the NPV, with respect to therativNPV achieved by all
companies working separately, around 50 % and 2&%he predicted upper and lower
prices, respectively. According to these resultee higher the price of the GO
allowances, the more economically efficient thengraoalition is (notice that for the
predicted mean value of the allowances price, tR¥ Nnprovement is in between these
two values, 28 %).

Table 5. NPV and GWP for each company acting séggrand for the grand coalition, using
the ARIMA upper and lower values predictions fog tBbQ allowances price.

ARIMA upper prediction ARIMA lower prediction
Player n NPV, Gwp. ™ NPV, Gwp. ™
(company) (M€) (Mtons CQ-eq)  (M€) (Mtons CQ-eq)
1 21.27 2.032 25.35 2.045
2 40.61 2.073 45.71 2.122
3 10.44 2.024 14.35 2.025
4 31.20 2.050 35.72 2.086
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5 50.50 2.023 54.85 2.087
6 28.36 2.084 33.42 2.120
7 16.06 2.041 48.64 2.086
D NPV, > GWR™ 198.42 14.326 258.04 14571
Grand coalition 296.65 14.018 323.23 14.236

As well as in the previous case, the next step &pply the row generation algorithm of
the cooperative game model to determine the corgtemce and a profit allocation
within it, which assures the stability of the graswhlition. For these both instances, the
respective game cores exist and the imputationsdfdliat meet the core conditions (Eg.
(27)) are the following:

*

Tlpamuppernaie =1 3168, 46.02, 25.14, 38.99, 60.94, 48.35, 8p

*

Tl amione e =1 35-20, 51.77, 30.48, 41.58, 65.40, 47.61, S}

As can be seen, all companies improve their prafién they cooperate in the same SC
to satisfy products demand in markets.

Regarding the environmental performance of the \®#&n all companies cooperate in
the grand coalition, the GWP decreases around 2it#o respect to the overall GWP
generated by the non-cooperating companies. Althahg emissions reduction rate
achieved by the grand coalition is very similar &irinstances analyzed, the gfxice
does affect the absolute value of the GWP. Thedhrigjie price of the emission rights,
the lower the environmental impact caused by thea&@ity (see Table 2 and Table 5).
If the GWP generated by the grand coalition is broklown into the different time
periods through the time horizon considered (FidiBk it can be observed that, as the
cap is reduced over time (dotted line that reprisséhe summation of the free
allowances available for all companies), the potehe emission allowances has a
growing impact on the C{emissions. It is especially noticeable for timeqds 4 to 6.
For the last time periods (7 to 10), despite theepdifferences, the GWP is nearly
constant since it is not possible to decrease WP @nd satisfy the high demand for
products in markets simultaneously. On the othedhéor the first time periods (1 to
3), although the companies have enough free alloggmo emit, the emissions are
lower when the price of C{allowances is higher so the companies can obtaiatey
benefit from emission rights surplus sales. In Fegl3, the first and last periods have
been magnified in order to facilitate the visudiiaa of the explained behavior.
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The combination of three factors: the carbon capecton imposed by the government,
the impossibility of a further emissions decrease th the increasing products demand
at markets with time and the G@llowances price increase for the mean and upper
values of ARIMA prediction, causes a dramatic mséhe expenditures of buying extra
allowances at the last time periods, which caneatdmpensated by the earnings due to
the sales of allowances surplus during the ingiatiods of the time horizon, thus
causing the NPV of the SC to decrease as the peedi@(Q price increases (see Table 2
and Table 5).

GWP (Mtons CO,-eq)

9 10

2 3 4 5 6 T
Time period
[T ARIMA lowervalue  T—1ARIMA mean value ZZZ ARIMA upper value --¢-- Cap

Figure 13. GWP generated at each time period féerdnt ARIMA CGO, price predictions.

This fact is clearly illustrated in Figure 14, whdhe net income related to the carbon
trading for different ARIMA predictions through thiene horizon are depicted. For the
case of the lower prices predicted by the modeisds due to the purchase of
allowances are almost constant despite the emisgiawth with time (periods 7 to 10).
This is due to the price decrease with time predidty this particular ARIMA forecast
(see Figure 7). In fact, considering the whole tinogizon (10 years), the global net

t

income due to carbon tradir{gz NettCOZJ is positive only in this case (ARIMA lower
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value), with a value of 24.3 k€. For the mean appen values predicted by the ARIMA
model, the global net income due to carbon tradieg-50 and -91.8 M€, respectively.

Net(% (M€)

15.0

10.0

: 1dda .

-10.0

-15.0

-20.0

MMm
&\\\\\\\\\\\\\\\\\\\m

-25.0

-30.0

-35.0

-40.0

MM ISt

-45.0

1 2 3 4 5 6 7 8 9 10
Time period
71 ARIMA lower value [ ARIMA mean value  Z ARIMA upper value

Figure 14. Net income due to the carbon tradinglifferent ARIMA predictions.

5.3.2 Effect of the cap reduction rate

The results previously shown considered an annecire in the cap value of 2.2%. In
this section, we analyze the behavior of the camiper SC if, for any reason, there is a
change in the cap reduction policy. Specificallg, @hange the reduction rate in a range
between 0 % and 50 % starting from the same initihle (2x16 kg CO-eq at t=1) and
using the ARIMA mean value prediction as the ;Gflowances price. We apply the
same approach as in previous cases for 6 instdocapseduction corresponding to 0 %,
2.2 %, 5 %, 10 %, 20 %, 50 %), that is, firstly eleeck whether the grand coalition
achieves a better performance than that globathiretd by the companies working
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individually and then, we make use of the coopeeaglame theory to determine a profit
share drawn from the core of the game, which egstinte stability of the grand
coalitions established.

For all instances, the formation of the grand ¢imadihas proved beneficial in terms of
both economic and environmental performance amndalfggames, the core constraints
were met, thus the core exists. The imputationsdaiinat ensure the grand coalitions
stability are displayed in Table.6.

Table.6. Profit share for the grand coalitions fedunder different cap reduction rates.

% cap reduction T
0 {35.96, 49.35, 32.97, 41.93, 58.32, 51.04, B}
2.2 {33.83, 49.04, 26.87, 39.78, 62.91, 47.66, 8B
5 {31.39, 46.25, 26.67, 36.51, 59.39, 46.76, 3}
10 {27.86, 45.00, 21.04, 36.22, 59.37, 37.25, 4p
{
{

20 20.97,37.28, 7.90, 32.61, 49.51, 39.64, 4}
50 16.55, 33.70, 9.85, 24.93, 48.60, 25.37,2B

The convenience of working cooperatively can barntyeobserved in Figure 15, where

the NPVs (M€) obtained for the non-cooperating canigs and for the grand coalitions
are depicted.
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Figure 15. NPV (M€£) achieved by the non-cooperatind the grand coalition for different cap
reduction rates.

In addition, Figure 15 shows the increase ratithef NPV corresponding to the grand
coalitions with respect to the overall NPV achiebsgdall the companies if they worked
individually, which ranges from 27 %, in the cabattthere is no annual cap reduction,
to 57 %, in the case of the maximum reduction vaaoesidered in this study (50 %
annual cap reduction). According to this ratio, there restrictive the cap-and-trade
policy is, the more incentivized the companies #@ecooperate and share their
resources.

Regarding the value of the GWP, for all cases #seilt was identical to that obtained
for the base case (Table 2), regardless the capahreduction applied, thus indicating
that the CQ allowances price has a higher impact on the SGsams than the cap
value. Obviously, the decrease of the free emissights available is of a great
significance for the NPV, as seen in Figure 14¢esithe companies must buy a greater
number of allowances to cover their emissions, twliannot be reduced and satisfy
their markets simultaneously.
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6 Discussion

The results presented above unveil that cooper&iteneficial both in economic and

environmental terms in all instances analyzed. msuee the stability of the grand

coalition (i.e., none of the players have any itieento work alone or form smaller

coalitions), the profit share among the companiasstnbe advantageous for all

participants. In this case, we made use of the coneept as sharing criterium, using a
row generation algorithm to effectively find a camgutation.

The conditions taken as the base case correspahe #®SRIMA mean value prediction
(as forecasts have been obtained for different Blddarlo scenarios) for the GO
allowances price and an annual reduction in thesgions cap corresponding to that
planned for the phase 4 of the EU ETS (2.2 %). Sdwesitivity analysis carried out for
these two features highlights that the more resteddhe carbon trade scheme is due to
higher price or lower cap, the more economicalficieit is to form the grand coalition
(i.e. all plants working together in a cooperatiS€). Regarding the environmental
performance of the cooperative SC, the overall @arbmissions are more sensible to
the CQ allowances price than to the emissions cap impbgdte government.

On the other hand, the proposed model also presents limitations. For instance, like
any MILP, as the number of binary variables incegate combinatory complexity
makes the problem harder to solve, and eventualtyaf given problem size the
computation time is too high. For our case studyse¥en companies, the overall
solution time is quite reasonable (approximatelysl6f CPU time). Obviously, for a
case study where the number of companies involwagtle game is higher enough, the
problem would become intractable in terms of soluttime. Other limitation of the
model is the fault tolerance of the SC design. pitoposed design does not consider the
event of failure in the SC. However, our model ltastain safeguards to mitigate
unplanned disruptions. In case of a plant stopstheduled production or a warehouse
becomes unavailable (due to a disruptive event)thascompanies cooperate, their
common effort can counteract the decrease or dvendase of the target production of
a plant, or the inoperative of an entity in the &Grthermore, each entity in the SC can
individually act under unexpected events thankdlanibility given to the model by
allowing expansion capacity for plants and warebesudn this way, as the solution
design assigns a capacity value for each entityffaneach period of time, it provides a
gap between the current level and the capacitynoémtity that could act as a risk
management strategy by levering the new requiresraiun to a disruption occurring at
a particular period of time.
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7 Conclusions

Cooperative games theory has been successfullyedpp the optimum design of
sustainable SC management within the carbon tragwlgy framework. The key
parameters for the carbon cap-and-trade modeharaumber of C®free allowances
assigned by the government (cap) and the priceeoéxtra/surplus allowances to trade
with. For the forecasting of CQallowances price, the ARIMA model has been used
based on the time series of the historic data. iegpe limitations of the model,
ARIMA has proved to be a reliable and easy to appdyhod for this particular purpose.
The proposed optimization model comprising the 8@gomance and the cap-and-trade
model has been applied to a set of seven compplaeed in different parts of Europe
that must satisfy a minimum demand of six chemmalducts in four markets. The
companies can act individually or cooperate in kaborative SC, that is, forming the
so called in cooperative game theory, grand coalitiThe results highlight that
cooperation is beneficial both in economic and emrmental terms in all instances
analyzed, and that GQallowances price and cap influence equally in ¢kenomic
performance of the cooperative SC, whereas the ids a higher impact than the cap
in the environmental performance.

The importance of these results lies in the vakabformation that they provide to
decision makers for the SC management of comparggarding carbon market
behavior and policies. On the other hand, govertsnean be aware of the impact of
their decisions on the carbon cap value, whictuarices the collaborative actions of the
companies that, in turn, can lead to a reducticBHG emissions.

The main limitation of the model is that it doed oonsider the event of failure in the
SC. Although the design presents some flexibilitye do the expansion capacity of
plants and warehouses, which can mitigate the tefesome unplanned events, the
design would gain robustness by considering unicgytan some parameters such as
products demands or GQllowances price. However, as the main objectiz¢he
present work is to prove the suitability of coopee game theory to sustainable SC
design and management, the incorporation of uriogtavould be aim of another
future work.
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Notation

Sets/ Indices

I/l technology

J/j  plant

K/k warehouse

L/l market

N/n player

P/p product

S  set of coalitions

> cumulative set of coalitions added to the Mast@bem of the row generation
algorithm

Tt  time period

Subsets

MP(i) set of main products of technologies
IN(p) set of technologies that produce prodgpct

OUT(p) set of technologies that consume proguct

Variables

Buy CQ; allowances bought

C capacity of technologies/warehouses, tons

CExp capacity expansion of technologies/warehouses, ton
CF cash flow, €
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FCI
FTDC
GWP
INV
NE
Net
NPV

y

product demand in markets, tons

errors in ARIMA model

total fixed capital investment, €

fraction of the total depreciable capital that trhus paid in period t, €
Global Warming Potential, kg GEEq

inventory of warehouses, tons

net earnings, €

net income due to carbon trading, €

Net Present Value, €

purchases of products, tons

product flows from plants to warehouses/from Wwareses to markets, tons

sales of products in markets, tons

CQ, allowances sold

input/output flow of products in plants, tons

binary variable for the transportation links beém nodes of the SC

predicted CQ@allowance price in time period t, €

binary variable for the occurrence of capacity pansion of

technologies/warehouses

m

objective function value of the MILP subprobleni ww generation

algorithm, € (i.e. additional profit obtained byatiion S’ when it deviates from the
grand coalition)

n

characteristic function (profit attained by ayaa or coalition of players

acting individually).

T

profit allocation vector

46



u

binary variable that takes the value 1 when playebelongs to a coalition

that violates the core constraint

w

objective function value of the Master Problem @& rgeneration algorithm,

€ (i.e. maximum additional profit obtained by a ldo@an S when it deviates from the
grand coalition. If at any iteratiom > 0, then the core is empty)

Parameters

Cap free CQ allowances given by the government to companies

CExp upper bound for the capacity expansion of tectgiekiwarehouses, tons

CExp lower bound for the capacity expansion of techgels/warehouses, tons

Cost cost of CQ allowances bought, €

D maximum demand of products in markets, tons

D minimum demand of products in markets, tons

Imp™ Life cycle impact assessment (LCIA) result for tB&/P indicator due to
the comsuption of 1 MJ of energy, kg &€quivalents/MJ

Imp,®  Life cycle impact assessment (LCIA) result for B&VP indicator due to
the consumption of 1 kg of raw mater@al , kg &€uivalents/kg ofp

Imp™® Life cycle impact assessment (LCIA) result for tB&VP indicator due to
the transportation of 1 ton of mass 1 km of distankg CQ-
equivalents/(ton- km)

ir interest rate, (dimensionless)

NT number of time periods, dimensionless

Price price of CQ allowances sold, €

Q_ upper bound on the flows of materials, tons
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Q lower bound on the flows of materials, tons

sV salvage value of the networdtimensionless

a fitting parameters for the autoregressive paARIMA

&) fitting parameters for the moving average paABRIMA

h energy consumed per unit product p produced bgnogy i in plant j,
TOFOE (Tons of Fuel Oil Equivalent = 41.868 GJ)

A distance between SC entities, km

u average value of the data set for ARIMA prediction

o’ variance in ARIMA model

t minimum desired percentage of the technology cap#tat must be used,

dimensionless

Acronyms
ACF Autocorrelation Function
AIC Akaike information criteria

ARIMA  AutoRegressive Integrated Moving Average

BIC Bayesian information criteria
ETS Emissions Trading System
EU European Union

GAMS General Algebraic Modeling System

GHG Green House Gas
ICAP International Carbon Action Partnership
IPCC Intergovernmental Panel on Climate Change
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LCA Life Cycle Assessment

LCIA Life Cycle Impact Assessment
MP Master Problem

PACF Partial Autocorrelation Function
SC Supply Chain

Superscripts

EN energy

PL plant

RM Raw material

TR transportation

WH warehouse
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Appendix A
Tables A.1 to A. 9 contain the input data for thee study.

Table A. 1. Distances (km) between plants and wareés

| J.ﬁ} (km)

Plant/Ware. Frankfurt Kazincbarcika Leuna Mantova Neratovice Tarragone Wloclaweck

Frankfurt 0 1138.34 370.12 817.02 551.36 1420.77 719.46
Kazincbarcika 1138.34 0 979.09 1086.16 695.51 2385.78 644.2
Leuna 370.12 979.09 0 870.12 295.45 1781.36 411.27
Mantova 817.02 1086.16 870.12 0 862.05 1183.24 1116.31
Neratovice e 695.51 295.45 862.05 0 1855.47 277.14
Tarragona 1420.77 2385.78 1781.36 1183.24 1855.47 0 2110.37
Wiloclaweck 719.46 644.2 411.27 1116.31 277.14 2110.37 0

Table A. 2. Distances (km) between warehouses aréats

" (km)

Leuna Neratovice Sines Tarragona

Frankfurt 370.12 551.36 2462.36  1420.77
Kazincbarcika 979.09 695.51 3614.54 2385.78
Leuna 0 295.45 2850.72 1781.36
Mantova 870.12 862.05 2357.76  1183.24
Neratovice 295.45 0 2970.72 1855.47
Tarragona 1781.36 1855.47 1212.82 0
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Wiloclaweck

411.27

277.14

3198.04

2110.37
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Table A. 3. Demand of chemicals at each market=for An increase of 5% each time period is

assumed.
fm(ktons)
Leuna Neratovice Sines Tarragona
Acetaldehyde 13.5 37.5 12 7.5
Acetone 10.8 30 9.6 6
Acrylonitrile 18 50 16 10
Cumene 135 37.5 12 7.5
Isopropanol 9 25 8 5
Phenol 12.6 35 11.2 7

Table A. 4. Price of chemical produc@ﬁ/ton)at each market for t=1. An increase of 5% each
time period is assumed.

Leuna Neratovice Sines Tarragona
Acetaldehyde 509.26 487.43 491.07 500.17
Acetone 432.87 414.32 417.41 425.14
Acrylonitrile  36.40 34.84 35.10 35.75
Cumene 401.23 384.04 386.90 394.07
Isopropanol  401.23 384.04 386.90 394.07
Phenol 709.88 679.45 684.52 697.20
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Table A. 5. Variable investment cost coefficie(lﬂyear/ ton) of technologies in plants for t=1.

An increase of 5% each time period is assumed.

Frankfurt Kazincbarcike Leuna Mantova Neratovice Tarragone Wloclaweck

Tech. 1
Tech. 2
Tech. 3
Tech. 4
Tech. 5
Tech. 6

121.70
124.58
314.41
139.64
61.78
220.78

73.02
74.75
188.65
83.78
37.07
132.47

133.87
137.04
345.85
153.60
67.96
242.86

109.53
112.12
282.97
125.68
55.60
198.70

48.68
49.83
125.76
55.86
24.71
88.31

91.28

93.43
235.81
104.73
46.34
165.59

97.36

99.66
251.53
111.71
49.42
176.63

Table A. 6. Fixed investment coéM€)of technologies in plants for t=1. An increase &6 5

each time period is assumed.

Frankfurt Kazincbarcike Leuna Mantova Neratovice Tarragone Wloclaweck

Tech. 1
Tech. 2
Tech. 3
Tech. 4
Tech. 5
Tech. 6

11.08
11.34
28.61
12.71
5.62
20.09

6.65
6.80
17.17
7.62
3.37
12.06

12.18
12.47
31.47
13.98
6.18
22.10

9.97
10.20
25.75
11.44

5.06
18.08

4.43
4.53
11.45
5.08
2.25
8.04

8.31
8.50
21.46
9.53
4.22
15.07

8.86
9.07
22.89
10.17
4.50
16.07
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Table A. 7. Operating cos(t€/ton)of technologies in plants for t=1. An increase & Bach
time period is assumed.

Frankfurt Kazincbarcike Leuna Mantova Neratovice Tarragone Wloclaweck

Tech. 1 17.81 10.68 19.59 16.03 7.12 16.03 14.25
Tech. 2 48.56 29.14 53.42 43.71 19.43 43.71 38.85
Tech. 3 12.14 7.28 13.36 10.93 4.86 10.93 9.71
Tech. 4 30.76 18.45 33.83 27.68 12.30 27.68 24.61
Tech. 5 4.86 291 5.34 4.37 1.94 4.37 3.89
Tech. 6 30.76 18.45 33.83 27.68 12.30 27.68 24.61

Table A. 8. Energy consumption'jfg‘ , (FOET*/ton), of technologies in plants (Rudd, 1981)

hip
Tech. 1 0.22
Tech. 2 0.6
Tech. 3 0.15
Tech. 4 0.38
Tech. 5 0.06
Tech. 6 0.38

* FOET: Fuel Oil Equivalent Tons
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Table A. 9. Cost of raw materiaée/ton) in plants for t=1. An increase of 5% each time

period is assumed.

Frankfurt Kazincbarcike Leuna

Mantova Neratovice Tarragone Wloclaweck

Ethylene
Sulfuric acid

Hydrochloric
acid

Hydrogen
cyanide

Ammonia
Oxygen

Propylene

27491
49.60
136.68

551.15

165.34
35.27
187.39

233.68
42.16
116.18

468.47

140.54
29.98
159.28

302.40
54.56
150.35

606.26

181.88
38.80
206.13

247.42
44.64
123.02

496.03

148.81
31.75
168.65

233.68
42.16
116.18

468.47

140.54
29.98
159.28

247.42
44.64
123.02

496.03

148.81
31.75
168.65

219.93
39.68
109.35

440.92

132.28
28.22
149.91

Table A. 10. Variable and Fixed Investment costsl dnventory costs associated with
warehouses for t=1. An increase of 5% each timmog@és assumed.

Variable cost  Fixed cost Inventory cost
(€/ton) (k€) (€/ton year)
Frankfurt 2.65 240.77 0.24
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Kazincbarcika
Leuna
Mantova
Neratovice
Tarragona

Wloclaweck

1.59
291
2.38
1.06
2.38
2.12

144.46
264.84
216.69
96.31
216.69
192.61

0.14
0.26
0.22
0.10
0.22
0.19
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