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Abstract. Communication networks are becoming more essential for our daily
lives and critically important for industry and governments. The intense
growth in the backbone traffic implies an increment of the power demands of
the transmission systems. This power usage might have a significant negative
effect on the environment in general. In network planning there are existing
planning models focused on QoS provisioning, investment minimization or
combinations of both and other parameters. But there is a lack of a model for
designing green optical backbones. This paper presents novel ideas to be able
to define an analytical model to consider environmental aspects in the
planning stage of backbones design.

Keywords: Green network, Network planning, Optical Backbone.

1 Introduction

As FTTH is becoming more widely deployed, bandwidth possibilities for users might
increase up to Gbs-order connections. This expansion has a significant effect on the
backbone traffic. This increment of traffic implies an increment on the power
consumption by the whole network system [1-3].

Network planning tools, usually, are focused on economical or performance
aspects, but due to this growth of networks, the consideration of environmental
aspects might be necessary in a near future.

Currently, there are tools available to be able to analyze the performance or the
economical aspects of a network design before its implementation and deployment,
examples are [4] and [5]. Geographical Information System (GIS) data is usually used
in order to minimize the digging tasks which are directly related to the deployment
investment. In addition, the network topologies are defined in such a way that short
path distances between nodes (hops) can be established to improve the performance.
Unfortunately, the network planning tools have not followed energy efficiency
criteria. There is a relation between how a network is designed and implemented and
emissions caused, but there is not a solid base to deal with the problem, however
many ideas have been proposed lately [6,7].

This work is intended to define the relations between optical backbone network
planning and generic Green House Gases emissions. The goal and main contribution
is to define an analytical model to be able to relate important parameters used in
network planning such as number of nodes, topology, physical length of the network,
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number of users , etc, with GHG emissions. This model has been introduced in [7]. It
is possible to study how the optical network infrastructure affects the environment
and it might be included as design criteria. Furthermore, a case study is presented as
an illustration of the potential model use.

This model is partially based on Life-Cycle Assessment (LCA) [8], a widely used
approach to analyze the environmental effects of products or services from ”cradle-
to-grave” and power usage of the different network task and elements, influenced by
publications such as [2,3,8-10].

This model lays the first brick towards a more environmental aware network
planning, and hopefully it can be used and adapted to find real solutions for this
upcoming environmental issue.

The rest of the document is as follows: Section 2 presents importantipaelim
concepts. Section 3 introduces the model equations and parameters and Section 4
illustrates the practical use of the model. Finally, Section 5 concludes the work.

2 Preliminary Concepts

Distributed Weighted Average Distance, (DWAD):

It is used to calculate the average number of routers and amplifetsatfic passes
through. It is measured in “hops per bit’ and it is dependent on the traffic distribution,
a traffic matrix is required.

For the case study, to create the traffic matrix it is assumed that tregyaiggl traffic
by each node is proportional to its population. This traffic is didetto the rest of
the nodes proportionally to their population. Only the internal backbeafiéc tis
considered. For external traffic other transmission concepth ss “node to
gateway should be applied.

The total average distand@WADy, should consider failures, Eq. (BU, is the
time percentage a network is at a state faflures.

To determineDWAD; for the case study, a basic graph analysis script has been
implemented. The procedure is to determine the path distance betwienpalssible
pairs of nodes by calculating the correspond8mganning Tregideal scenario, no
failures). Then, the process is repeated eliminating the corresponatim@genof links
([1,f]) and the average is calculated for each case. The results are deterministic, no
simulation involved, in the way that all possible combinations ofriaidue processed
and for all possible pairs of source-destination nodes. This methodrésfeasible
for low f values due to combinational problems.

As a small example, let's consider the possibility of 0 and 1 failures aarie s
time. The network has no failures 80% of the time, then
DWAD;=0,8DWAD+0,2DWAD,. Basic availability concepts are used to calculate
the failure probability andown-timeof any element [4] and [11].

DWAD: = Y=TPU. - DWAD
@
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Upgradeability: Briefly explained, backbone networks can be implemented
following organized interconnection schemes. Networks can be planndge to
implemented in stages and at the conclusion of each stage, an orgaptdedy can

be used for transmissions. In this way, every time a networpgsaded by the
addition of new links, the performance consequences can be moietgisked For
more informatiorit is recommended to read [12].

CO, emissions: Even though the final idea in the far future is to be able to pedu
energy with no emission, “Zero Carbori concept, the reality is that the trends are
going moe in the way of the so called “Carbon Neutrality, focused on feasible GO
reductions [17]This idea is followed in this document.

Euclidean vs. Real distance: The physical length of the links is calculated as the
Euclidean distance between end points. Specialized studies provide ratiogdtuclid
Real distance of roads [13] and [14]. Thus, their use combinddtheét Euclidean

distances gives an acceptable approximation avoiding the road layout design task

Notation:

Emissions. Eyr are the total emissions of the netwoBD,,, ET,, andEM,, are the
emissions of deployment, transmission and maintenance wioare ben, a andl for
Nodes, Amplifiers and Lineg. corresponds to the topology and it carRyél andG

for Ring, Honeycomb and Grid. In the maintenance casan beM for monitoring
andF for failure.

Time values: TD,y, TT, and TM, are the periods for deployment, transmission and
maintenancetD,,, tT,, andtM,,, are the instant times of each action wheie the
elementy is the topology (just as the emissions notation) zaisd for the beginning
of the period and. for the end. oy, Sy and y, are the emission factors for each of the
tasks.py, 1« and 3 are their respective decrement rates.

Other variables: TRFtraffic, Ay average amplifiers per link,yfaverage distance and
PU; time percentage of a state fofailures. Power consumptionB, andP, are the
power required to treat one bit at a node or amplifier respectivglyis the average
power required to transmit 1 bit from a source to a destination.

3TheModd

The goal is to define a model to relate the GHG emissions of a netway i&bo
lifetime to the commented parameters in network planning. In thisitvaypossible

to evaluate the network design options from a new environmental pevepéldtie
model includes some other parameters not strictly related to networnkingamne
emissions per watt generated and not controllable at the design stage. Hakever
model might help to provide guidelines of how their evolution shbeldn order to
reasonably build environmental backbones. The model can be defined sisnpie
statemers:
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e The simplicity of the model allows flexibility of usage.
e The possibility of increasing progressively the complexity of eachnpetea
allows a systematic approach of an efficient m&tobdel-real Ife”.

Three main stages are considered to contribute to the emissions: Deployment,
Transmission and Maintenance. There is the possibility that the powsunaption
and consequently the potential GHG emissions of one of these actionstare no
significant. For the definition of the model, everything that might daute should be
included. At the time of obtaining empirical results, maybe some faeatitirsiot
significantly contribute to the global overview of the network andbeadiscarded.

Let ED, ET andEM be the emissions caused by the deployment, transmission and
maintenance; then the emissions of a network along its lifetigg s given by Eq.
(2). X can be some other contribution not considered yet, but it leaves the model open
for improvement.

Ent = ED+ ET+ EM+ X . @)

3.1 Deployment emissions, ED:

They cover the emissions related to the construction of the netwdriksaglements.
They can be directly related to the number of elements and lendth lxfiks. Similar
concept can be found for FTTH (Fiber To The Home) implementation in [15]

There are three types of main affecting elements, number of Nydesnber of
amplifiersA and network length (including ditchds)
These elements are related to the emissions by defining ¢meission factors. Let
on, 04 andoy be the emission factors corresponding to the production, transport and
installation of the nodes, amplifiers and links equipment given as(Kgdnode],
[CO,(Kg)/amp] and [C@Kg)/km]. Thus, the format dEp can be defined as Eq.)(3

ED=EDh+ ED+ ED=an Nraa Aal | ©)

In reality, networks are not instantaneously built, it is a timecgs®. Thea
parameters, will vary in time, i.e the process of producing fibre miylaive lower
emissions in 10 year. Hence, the variables should be continuous ardepereent.
The elements rate of deployment might also be time dependent. Eqe$éhisED
for a generic deployment timkD when considering time dependent parameters.

ED(TD) = [ ;" an(t)- N()+aa(d- Af+ai(d- L(Ddt.
4
The parameters calculations can be as complex as desired; however this work

not focused on getting into their specific details. In fact, some of thidmequire
intense research work before they can be used in reality.
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3.2 Transmission emissions, ET:

These emissions are related to the transmission of information. Evergrisititted,
routed or amplified at each of the active devices will consume energy [@0]. T
transmit one bit from any source to a destination is energy consamihthpis energy

is assumed to involve emissions. Ratand P, be the power consumption to receive,
treat and retransmit 1 bit at a node and amplifier respectively, both as/gN/bit].
Let Ap andA, be the path average distance, given as [hops/bit] and average mfimber
amplifiers per link. The calculation @ is introduced at Section DWAD) and it

can be time dependent due to topology link upgrades for exafpie.presented in
Eqg. (5).D, is the distance between amplifiers or amplifier-node, currently aredind
km, and it can be time depend@p(t) implying Aa(t). # Linksis the number of links.

P, can depend on the type of signal processing at the nOd&xOor all optical,
type of routing, hardware design or even cooling systems. Margeptsmmight be
included on one variable. Its format or complexity is not relevant tergetly
present the model. But it is important to keep in mind that the accafabhg model
comes from the specific definition of all the parameters for eactedgéthnologies.

Eq. (6) presents the formBi,;, total average power consumption to transmit one
bit from source to destination, including the time dependent férmat

B L
~ #Links- Dv’
®)
Puwit=P-(A+D)+ R A A
Puwit(t) = Pr(D)-(AD() +1)+ R(D- A()- A() )

Eq. (7) presents the format BT, including the time dependent form, whaiRFis
the traffic aggregated to the network per y@as emissions to generate 1 Watt given
as [CQ(kg)/W]. TT=tT;-tT, is a generic transmission period.

tT1

ET=p-TRF-TT - Pwit ET(TT) = [ ;.

B(t)-TRF (¢) - Pwit(t) dt .
)

3.3 Maintenance emissions, EM:

These emissions cover all the aspects related to the maintenance of the.network
types of energy consuming actions are considered: Monitoring andeFagparation
and their corresponding emission variablestk, andEMg, Eq. (8). They can also
be presented as time functions similarly to Eq. (4). Like the deploymessiens,

1 The number of nodes in a path is considered té\J¥l since the source and destination
nodes also need energy to process the information.
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three elements are considered: nodes, amplifiers and linksEMpewill be clearly
conditioned to the size of the network since the failure rate is proportioriak to
physical length of the links [11].

The emission factors for monitoring actions are definedygs given as
[CO,(kg)/element*year] or [C&ikg)/km*year}] for the links. The emissions due to
failure reparationsyg, given as [C@kg)/element*failure] and~, is the failure rate
in [failures/year].x in the variables notation corresponds to the element, lmefog
nodes.a for amplifiers and for links. The rest of the variables are: number of nodes
N, number of amplifieré\ and network length. Both formulas can be expressed, but
not presented in the document to avoid repetition, as time functionedsysly
presented foED andET.

EM = EMv + EM = ¢Mn- N +yMa- A+yMi-L)-TT +(yFn. Fn+yra. Fa+yR.-Fl) .
8

4 Case study

The following case study intends to illustrate one of the potentialofishe model. It

is important to remark that, at this stage, it is not possible to grdividl numerical
solutions, but it is possible to analytically illustrate the idea. For the presenthtion o
more clear equations several assumptions has been taken. The vatoeseoére
symbolic but they do not interfere with the presentation of the use ofatielm

4.1 The Scenario and Cases

The scenario consists of a set of nodes to be interconnected. Three casayared
for the same area: to implement a physical Ring, Honeycomb (4X5) d(435).

For this purpose, the deployment technique commented in Sextofollowed.
The deployment is planned in stages so at the end of each stages twerorganized
topology ready to be used for transmissions. As a result, emissgioations are
presented for three Cases over the same region to illustrate the influetiee of
network infrastructure parameters. The three cases are:

- Case AA Ring topology is deployed and remains as final structure (3jage

- Case BA Ring topology is deployed and when it is installed the networbady to
be used (Stage 1). In that instant, the Honeycomb upgrade begins astdithise
remains for the rest of the network's lifetime (Stage 2).

- Case C As Case B but when the honeycomb is finished (Stage 2), aadgg
begins to form a Grid that will be the final topology (Stage 3).
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The chosen scenario is to connect the 20 most populated metropolitannareas i
continental Australi& . The shortest physical way to interconnect them is determined
for each of the topologies and cases using genetic algoritfBhsThe complexity of
the topology problem &P since theoretically there aid! possible solutions. Any
search method can be used to solve this type of problems.

4.2 Assumptions

Deployment: Starts atDgg=0.

- The deployment is continuous until the definitive topology is deployéds, for
example for Case @Dr=0, tDr=tD o andtDy;=tD go.

- All the nodes are deployed as soon as possible and at a constamr&tase Aall
nodes will be deployed at the Ring stageDyt=tDg;. For B andC, at the Ring
stage 18 nodes are installed and the rest at the Honeycomb stage. If a2Rimgd
is implemented, some of its links cannot be used to form a Hondycbimerefore,
it is not an efficient planning procedure. Links are deployed at dasunste and
amplifiers are installed at the same time.

- The « factors have a constant decreasing rate ger yearoy(t)= oy (1- 1)', 0y iS
the initial value att=0=tDgro. There is a need to define a reference valig;
corresponding to the emissions of implementing one node (amplifiem of link)
in one year. In this way,s= ayef/TD. X corresponds to the element & orl).

- DA=70 km and it is kept constant (distance between amplifiers).

Transmission: Starts atTrg=tDg1.

-The topology is not operable until the installation/upgrade is completed.

-The  factor have a constant decreasing yager year5,(t)=fxo(1- p)', fxois the

initial value att=0=tD g,

-The average distance is calculatedDAWAD, Eqg. (1) and up to one failure at the

same time. It is assumed shortest path routing and all the links hamstantaequal

weight when calculating the Spanning Tree in both cases, of 0 andrédailu

-Traffic transactions increase rate is kept constERE, (1+ pTRF)‘.

- P, andP, are assumed to be always constant.

Maintenance: Starts atMrg=tDR.

-The y factors have a constant decreasing Bapeer year.y,(t)=y,0(1- 9)', yx0 i the

initial value att=0=tD go.

-It is assumed that only link failures are significant to be includdgtidrformulas to

illustrate the example. Equipment at the nodes and amplifiers are highly reliable and

very unlikely to fail [5]. However, human errors might be includgefliture.

-The values to calculate the failure rates and elemewn-timeare taken from [4]

and [11] and correspond MTTF=500 FITandMTF=14,4 h

2 Sydney, Melbourne, Brisbane, Perth, Adelaide, Newcastle, Golbt,caCanberra,
Wollongong, Sunshine coast, Bendigo, Geelong, Townsville, Canange, Alburya,
Darwin, Toowoomba, Ballarat, Shoalhaven. Coordinates and&®mputaken from [18].

3 The same topology might have different length dependindhercase since the optimized
topology is the definitive. More information in [12].
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4.3 Analysis

For the rest of the case study, to indicate the case, a super&cipbdf C) is added
to each of the terms, and for examfilg' is the beginning of deployment of the
Ring at case A. Table 1 presents the equations to be solved to detdrenitogat
emissions of Case A. These formulas act as a guideline and, to gveiitioe, for
Cases B and C they are not presented. The concept is similar but cagstteri
proper time periods, stages and parameters for the different tasks.

Emissions Case A

’l);"l 7 t t

2 TDA Jo Qng N - (1 =70, ) +@ag - A- (1 =7a,)'+

EDgr(TDpg) atg L+ (1 — 1) d

Bo-TRFy-(Pn-(Ap+1)+ Pa-Ap - Aa)-
.!T,“}‘

./‘T,;‘ (1—pp)" - (1+ prrr)" dt

ETr(TT#)

L\I[}l

EMg(TMg) fl.\l,’} (YMno + N - (1= 8yyy,)t +YMag - A+ (1= 0y, ) +
i - L-(1— 6‘&\”)')(1’

Table 1. Case A equations

15t Stg links -~ ® 1t Stg Nodes

RING
105, T, (T

D%,

Fig. 1CaseA,Band C

Fig. 1 presents the planning solutions for the considered cases indiutinignes
illustrating the emissions periods. Some of the time parameters are indisated
examples for a better understanding. Tablpresents the numerical values of the
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planning parameters. The information is divided by Case and Stage digpfayi

each the corresponding topology and all its parameters (nodes, lemgt$,...). The
variablesNDp, ADp andLDp correspond to the nodes, amplifiers and km of link to be
deployed at each stage. All the values are calculated, there are no assumptions. The
information is displayed by case and stage. The information requicedénto make

these calculations is the following: City coordinates and popula4adii,F andMFT ,

a graph analysis script to calculate the average distanD&\Vad, as mentioned in
Section 2 and a ratio &uclidean-Real distanaef V2.

Finally, Table 3 presents the resulting equations. In order to providenatdgo
short terms, all the, p ando parameters are given a value of 0,05 (excepp{fad.
This implies a decrement of 5% per year~=0,41, in the way that traffic volume is
doubled every two years as predicted for a near future [16].

The equations are displayed by case, type and period, the total emigstawch o
case being the sum of all their emissions. The effect of eattteqflanning factors
can clearly be identified in Table 2. In Table 3, these factors are indicateth dhé
first equation of each type for clearness of display, but for the restrtilars

Case A B C
Stage stl stl st2 stl st2 st3
Top. R R H R H G
Nodes (N Dp) 20(20) | 18(18) | 20(2) | 18(18) | 20(2) | 20(0)
Links 20 18 24 18 24 31
Length [km] 14870 14344 | 19800 | 20009 | 21684 | 28750
(LDp) (14870) | (14344) | (5456) | (20009) | (1675) | (7066)
Amplifiers (ADp)|213(213)|205(205)|283(78)(286(286)(310(24)[411(101)
Ay 10,55 11,40 11,79 15,89 12,92 | 13,26
Fy (failures year) [ 65,13 62,83 | 86,72 | 87,64 | 94,98 | 12592
PUy 89,3 89,7 85,7 85,6 84,4 79,3
DW AD, 5,28 4.73 3,81 4.8 3.69 3,27
DWAD, 6,58 7,35 3,92 6,1 3,75 3,32
DWADr 5,42 4,99 3,83 4,98 3,70 3,28

Table 2. Planning results for cases A. B and C

One of the basic illustrated ideas is that the Grid network contributes mii2 to
and EM but less toET than the Honeycomb or Ring. Depending on the values
assigned to the stages periods, the emission factors or traffis,tdéfidrent options
can be evaluated to find the most environmental.

The model and its solutions combined with some parameters analysis migh
contribute to some of the following ideas:

-Simply, which, among a set of options, implies the least emissi@osding to
the expected trends of the emission factors or traffic growth.

- How the parameters evolution has to be so Case X is better than Case Y.

- How and when to upgrade a network to make it more environmeaffitient.

- Network planning has always been a matter of considering global optimization
between different network properties to find a balance. The addition of the
environmental aspect will not change this concept. In fact, the combination of
different backbone models (i.e. performance, economical and enrain can
provide a better systematic planning procedure in future.
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Case ED
ATDgn (\;{JJQ,.”; +\2_\1’3Ja,,,=; +\1;1§zga,r=f)(1 —0.957k1) /(0,05 - TD})
NDp ADp LDp
B.TDx (18@tnres + 2050,0s + 1434dey,.) (1 — 0,95P%1) /(0,05 . TDE)
B, TDy (20nref + TBOares + 545601, 7)(0, 95 PHo — 0,05¢Pi1) /(0,05 - TDE)
C,TDgr (18tnres + 2860ares + 20000a1,.7)(1 — 0,95P%1) /(0,05 . TDE)
C,TDy (20nres + 2400res + 1675005 )(0,95 P00 — 0, 95tP%1) /(0,05 - TDG)
C.T'Dg, (1010rgye s + 70660, )(0, 95750 —0,957%1) /(0,05 - TDE)
ET
ATDr| Bo-TRFo-( 6,42 P.+ 57,18 P.)((1,33)Th — (1,33)Thko)/0,28
S
DWADr+1 AL« DWADy
BTTx Bo - TRF, - (5,99P, + 56,80P,)((1,33)TR — (1,33)T#) /0,28
BTTx Bo - TREFo - (4,83P, + 45,16P,)((1, 33)' 71 — (1,33)7ii0) /0, 28
CTTr fo - TRF, - (5,98P, + 79, 13P.)((1,33) T — (1,33)T0) /0,28
CTTy fo - TRFy - (4,70P, + 47,80P,)((1, 33) T — (1,33)'TH0) /0, 28
CTT: Bo - TRE, - (4,28P, + 43,49P,)((1, 33)'Té1 — (1,33)Tc0) /0, 28
EM
ATMr|( 20, g + 213 Yaag + 14870 art, +£J"-‘3‘.’l_-":w-~g.,)(0. 95" Mt — 0,95 MR1) /0, 05
N A L Fy,
BTMp| (18ya1m, + 205701a, + 1434dyars, + 62, 83ypy, )(0, 95" M0 — 0 95 r1) /0,05
B TMpy| (207arn + 283%ara, + 19800011, + 86, 7275y, ) (0, 95""3"‘ -0, 5“”{’[1 )/0,05
CTMp| (189arng + 2869010, + 200007571, + 87, 64yp, )(0, 05250 — 0,05tk /0,05
CT M| (20901 + 3107010y + 21684yar1, + 94, 98y, ) (0,950 — 0,05 M k) /0, 05
CTMg| (20Vaing + 411701aq + 28750011, + 125,92y, )(0, 95 M0 —0,05™ME1) /0, 05

Table 3. Cases’ practical planning results

T variables|Years t variables Instant (years)
TDg 5 [tDgo=tDpo =tD%g 0
TDE | 4.8 [tD# = tTho = tMfo 5
TDF 1,8 |tDE, = tTho = tMpp 48
TDS | 6,7 [tDB, = tTE, = tME, 6.6
TD§ 0,5 [tD%, = tTf, = tMg, 6,7
TDg 2.4 [tD}, = tT}, = tMj, 7,2
Tt 40 [tDE, = TG, = tM&, 9.6

Table 4. Planning results for cases A, B and C

The three different cases show how the network planning paraméeatsesach
type of emissions. However, it is possible to go a little further indheian in order
to illustrate more clear results; numerical values are given to the time pérfosls.
way it is possible to compare the three solutions just asdidanof the emissions
factors. Obviously this value depends on the investment @méployment, high
investment more man power and machinery available, so the valuexsmple. Let
the deployment speed be 3000 Km per Yyeard the corresponding nodes and
amplifiers are implemented within the links deployment time. Thevorét has an
estimated lifetime of 40 years. Table 4 presents the resulting time pefipdsd
instants {) for these assumptions.

4In this way any of the cases, the deployment can be fitkiiz10 years maximum.



Green Network Planning Model for Optical Backbones 11

Finally, substituting all the numerical values, Table 5 gives the final resulis
compared as a function of the emissions factors, these factorsrmtant and equal
in the three cases. Briefly, the conclusion of this example verliesaffirmations
previously stated and in [7].

Emission(Case) Values

ED(A) 18, latnres + 192, Tatares + 13455005

ED(B) LT, 90,”-(;f + 246, QOO,Tf + 172230[,.CI

ED(C) 17, lomres + 332, 90tares + 232880,e ¢

ET(A) Bo-TRF, - (2,06 -10°P, +1,86-10"P,)
ET(B) Bo-TREF, - (1,55-10°P, +1,45-10"P,)
ET(O) Bo-TRF, - (1,37-10°P, + 1,40 107P,)
EM(A) 258, 1yAMng + 274990100 + 1, 85 - 10°yar1, + 840, Syar i
E.\[(B) 258, 5";3\/,,” + 3590",5\/,,“ + 2,51 - 100","\,[” + 1]00",:_\”4'1“
EM(C) 231, 5t + 4566a1a0 + 3,19 - 10°ya11, + 139901 1,

Table 5. Emissions comparison

In terms of deployment and maintenance, the physical length of ke i
significantly affects the emissions. To deploy and maintain a Riagses
considerably less emissions than a Grid. On the other hand, the redofctioa
physical hops of the paths implies a reduction orEfheelated to both amplifiers and
nodes. The optimal design decision depends on the numerical values of these
emission factors, which with the cooperation of other science discipliveadd be
possible in future. In any case, this example can clearly illustrate the bagres
model and how to use and interpret it. The model can be implemented as a
evaluation application and sweeps of several of the present variables in the model can
be performed to observe the potential contributions depending omplaheaing
decisions, future technological evolutions or even environmental legislation

5 Conclusion

The main contribution is the presentation of a network planning modekfbaustle
emissions generated along the lifetime of an optical backbone. This retades the
classical network planning parameters such as number of nodes, didiatwesn

pairs of nodes or physical network length to the emissions generatbd Hifferent
elements. Three main types of emissions are defined based on meptpy
Transmission and Maintenance actions. The model can be defined as simple as
desired but it provides the possibility of extending each of its elemesigrificant
complexity levels. Several parameters present on the model are not strictly related to
networks, i.e. emissions per watt generated, thus for the evaluatemviocbnmental
planning aspects of backbones, there are many different science riidtiged and
interrelated. Furthermore, a case study illustrates the potential use and aridhesis
model in real networks. Several assumptions had to be made in ordevidep
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solutions equations. It is possible to identify how each of thetiomed network
planning parameters (Table 2) affects the emission levels.

The model is defined and presented, and even though it is not pogsittie
provide final numerical solutions, the first step has been takendewiae inclusion
of environmental aspects in optical network planning and design.

Further research on each of the parameters present in the equationdrésl requ
estimate their behavior in time. Each of the emissions factors can belexkten
modified to be used for other environmental measurements such asytdWaitbe
other factors can be included as well such as equipment replacement or gefoyclin
EM. In general, there is potential new research on this model.
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