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Disclaimer 
The information, documentation and figures available in this deliverable are written 

by the TREND Consortium partners under EC co-financing (project FP7-ICT-257740) and do 
not necessarily reflect the view of the European Commission. 

The information in this document is provided "as is", and no guarantee or warranty is 
given that the information is fit for any particular purpose. The user uses the information at 
its sole risk and liability. 
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1. Executive Summary  
The traffic volume in metro and core networks is forecasted to grow at very high rates 

for the 10 or 15 coming years. This implies that the energy consumption of this network sector 
will become problematic if business keeps growing as usual. Energy-efficiency in core and 
metro networks is thus mandatory for the sustainability of the future Internet. In this context, 
the objective of WP3 is to organize and coordinate efforts of partners in the area of energy-
efficient core and metro networks. 

This document presents the results obtained by partners during the TREND project, 
based on the activity plan defined at the beginning of 2011. 

In the first part of this document, more energy-efficient network architectures are 
addressed. Several new, energy-efficient architectures are proposed, taking advantage of 
optical techniques in core transport networks, exploiting for example optical bypass to save 
transit in IP routers, as well as photonic switching and optical aggregation to reduce the 
amount of optical to electrical domain conversions. Some other new energy-efficient 
architectures take advantage of energy-efficient electronic techniques, such as coherent 
detection to improve spectral efficiency in the transmission domain, or dynamic voltage and 
frequency scaling, to reduce chips power consumption. In addition, a full rethinking of the 
content distribution architecture, taking advantage of in-network caching is proposed, to 
reduce the amount of traffic in the network and reduce its overall energy consumption.  

In this first part, design guidelines are also proposed for both core networks and data 
centers. Energy-awareness is discussed against its impact on performance in core networks, 
and energy-optimal file distribution is proposed. In data centers, the energy awareness in the 
optimization of virtual machines placement is demonstrated, while global optimization across 
multiple data centers is proposed, taking into account renewable energy sources.  

In the second part of this document, energy-efficient ways of operating the networks 
are proposed, exploiting sleep modes, adaptive routing mechanisms, and rate adaptation to 
make the network power consumption more proportional to its traffic load, and benefit from 
daily traffic patterns. Smart energy-efficient protection schemes are also proposed, with a 
trade-off between power consumption and Quality of Service. Lastly, cooperation of Internet 
service providers and content providers is discussed, to even more reduce the energy 
consumption of the network. 

In the last part of this document, a summary of all achievable energy savings is shown, 
with the objective of providing an overall view of the effectiveness of the possible energy-
efficient options for metro and core networks, also discussing some open issues, which could 
be the basis of future studies. 
 

The studies presented in this document have already resulted in 64 papers and 27 
mobility actions. The third year resulted in 23 papers (including 20 joint papers) and 11 
mobility actions. 
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2. Introduction 
Information and communication technologies (ICTs) are often presented as solutions 

to reduce the overall greenhouse gases emission. They allow indeed dematerialization (papers, 
DVDs, CDs) and potentially can reduce the amount of carbon emissions attributed to travel. 
The recent SMARTer2020 report [A] pointed out that the telecom industry can be considered 
greener than the other major industries. However this should not be used as an alibi for 
ignoring the energy consumption of ICTs, but instead taken as a motivation to improve the 
energy efficiency of this sector. In a recent study [1], the power consumption of ICT 
telecommunication networks is estimated to grow at rate of 10% per year, and its relative 
contribution to the total worldwide electricity consumption has increased from 1.3% in 2007 
to 1.8% in 2012.  

In this document we focus on the core and metro networks including data centers (see 
Figure 1). Core and metro networks represent the inner backbone part of an operator 
telecommunication network. Their role is to provide customers with connectivity to services 
of the operator (such as the Internet or its managed video services) or to services from other 
operators or over-the-top actors (such as Content Providers CPs). It ranges from the first 
connection point up to the service platform or Peering Points (PPs) and includes transport 
equipment, optical transmission and data centers. We consider IP-over-WDM (Internet 
Protocol over Wavelength Division Multiplexing) networks, sub-wavelength photonic 
switching and Elastic Optical Networking (EON).  

 

 

Figure 1 –  Generic operator network architecture and domains studied within TREND. The frame represents 
the segment covered in this paper. 
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From the energy perspective, data centers have already been identified as a critical 
segment [B]. Meanwhile, core networks are expected to generate the biggest increase in 
electricity consumption [C] because their equipment number grows almost proportionally to 
the data traffic. With an exponential traffic growth (see for example Figure 2)) of over 20 % 
per year, the energy consumption of this network sector will become an issue. TREND 
partners have thus joined their efforts to propose and evaluate solutions to improve the 
network energy efficiency. 

The objective of this deliverable is to provide the TREND big picture on energy-
efficient future backbone networks capable of sustaining traffic growth with reduced energy 
consumption. In Section 3, we focus on more efficient architectures and design of networks 
and data centers. In Section 4, we present energy efficient ways to operate the networks. We 
conclude the report with a discussion and a wrap-up of the potential savings (Section 5). Each 
section contains a list of references of TREND publications which contains more detailed 
descriptions of the proposed solutions. 

 
 

[1] S. Lambert (iMinds), W. Van Heddeghem (iMinds), W. Vereecken (iMinds), B. Lannoo 
(iMinds), D. Colle (iMinds), M. Pickavet (iMinds), Worldwide Electricity Consumption of 
Communication Networks, Optics Express, vol. 20, no. 26, pp. B513–B524, Dec. 2012. 
(reported in WP1) 
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Figure 2 –  Traffic growth of Orange national IP backbone. Average growth rate of 33 % (20% since 2008). 
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3. More efficient architectures and design 

3.1 Energy-Efficient Network Architectures 

The work performed by TREND partners in a way prepares a “green” scenario for the future 
communication, the challenge being to sustain traffic growth and networks transformation 
(usage, architectures, new technologies) while restraining the energy consumption growth (or 
even decreasing it with respect to today’s situation). To fulfill this objective, the general 
approach consists of analyzing the global energy consumption, identifying where savings can 
be obtained and proposing solutions that can lead to these savings. Such a study has already 
been performed for the backbone networks [2]. Using an analytical model it was shown that to 
achieve large savings (i.e. more than 10 times reduction of the current power consumption), 
efforts will need to be concentrated on those techniques that i) reduce the traffic volume in the 
core (especially the traffic switched in the power-consuming IP network layer) and ii) improve 
the equipment power efficiency (amount of power in Watt per provided capacity in bps). 

 
[2] W. Van Heddeghem (iMinds), M. C. Parker (University Of Essex), S. Lambert (iMinds), 

W. Vereecken (iMinds), B. Lannoo (iMinds), D. Colle (iMinds), M. Pickavet (iMinds), P. 
Demeester (iMinds), Using an Analytical Power Model to Survey Power Saving 
Approaches in Backbone Networks, NOC 2012, Vilanova i la Geltru, June 2012. (also 
reported in WP1) 
 

3.1.1 Optical bypass to save transit IP routers 

In typical IP-over-WDM core networks, the IP nodes represent the largest share in the total 
power consumption. It has been shown to be as high as 60% of the total power consumption 
[3].  

Therefore, any solution that allows reducing the average number of IP hops required to route a 
demand will usually decrease the power consumption of the core network. Optically 
bypassing the IP routers is a well-known technique to reduce the IP hop count. The idea is that 
traffic not intended for the IP node, remains in the optical layer and thus bypasses the IP. This 
allows us to reduce the capacity of the router and the associated power consumption. 

For sufficiently large demands, this technique was shown in [4] to allow energy savings of up 
to 50% in the pan-European Géant network. A more extensive analysis in [3] shows that these 
savings are for a great deal depending on the mesh degree of the network, the ratio of the 
average demand over the line rate, and the average physical link length (Figure 3). The 
high(est) savings are achieved for the combination of demands close to (but below) the 
channel line rate, sparsely meshed networks (corresponding to realistic networks with node 
degrees of around 3), and not very long link lengths. In a related study [5], we show that a 
static optically transparent core network can promise high energy efficiency and scalability to 
several tens of nodes. 
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Different solutions for IP node bypass have been investigated in [7] where optical bypass is 
performed using optical cross connects (OXCs) with two approaches: Opaque IP-over-WDM 
(O-IPoWDM), where opto-electronic signal conversion is performed in each node, and 
Translucent IP-over-WDM (Tl-IPoWDM), where optical flows can be optically switched in 
the OXCs without signal conversion, accomplishing, if required, 3R signal regeneration. This 
analysis has been based on random topologies where the meshing degree, expressed as 
connectivity index, has been assumed as independent network parameter. It has been shown 
that substantial energy savings, up to 70-80%, can be obtained even for low-connected 
networks, by exploiting optical switching technologies in the Translucent scenario. Moreover, 
the most energy efficient IPoWDM architecture results to be dependent on the connectivity 
index and geographical extension of the network. Simple guidelines have been provided to 
forecast the most energy efficient technological solution based on the value of these two 
parameters. 

A different set of network architectures has been considered in [8] [9], where optical bypass is 
implemented with various approaches: IP-over-SDH (IPoSDH), where bypass of IP nodes is 
implemented though digital cross connects (IP flows are mapped onto SDH frames), 
Transparent IP-over-WDM (Tp-IPoWDM) and Translucent IP-over-WDM (Tl-IPoWDM), 
where optical flows can be optically switched in the OXCs without signal conversion. 
Differently from Tp-IPoWDM, only the Tl-IPoWDM solution employs 3R.regenerators to 
extend the reach of all-optical lightpaths. Analysis performed on NSFNET and COST239 
networks shows that energy savings vary based on network topology (NSFNET has a lower 
meshing degree than COST239). As a general result, it is found that the most energy-efficient 
Tl-IPoWDM solution enables energy savings in the order of 60% with respect to the non-
bypass network architectures. 

 

 

Figure 3 –  Power savings of optical bypass (CS for Circuit Switching) over non-bypass (PS, for Packet 
Switching), mapped to the ratio of the demand bitrate over the channel linerate (15-node topology). The savings 

show a stepwise behavior around integral multiples of this ratio (i.e, the savings suddenly drop when the node-to-
node traffic demands surpass the channel linerate). Sparsely meshed networks (such as rings) typically benefit 

more from optical bypass than fully-meshed networks. 
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[3] W. Van Heddeghem (iMinds), F. Musumeci (CNIT), F. Idzikowski (TUB), A. Pattavina 
(CNIT), B. Lannoo (iMinds), D. Colle (iMinds), M. Pickavet (iMinds), Power 
Consumption Evaluation of Circuit-Switched Versus Packet-Switched Optical Backbone 
Networks, in Proc. of IEEE OnlineGreenComm, online, October 2013 (also reported in 
WP1). 

[4] W. Van Heddeghem (iMinds), F. Idzikowski (TUB), W. Vereecken (iMinds), D. Colle 
(iMinds), M. Pickavet (iMinds), P. Demeester (iMinds), Power Consumption Modeling in 
Optical Multilayer Networks, Photonic Network Communications, Vol. 24, No. 2, pp. 86-
102, October 2012 (also reported in WP1). 

[5] S. Aleksic (TUWien), W. Van Heddeghem (iMinds), M. Pickavet (iMinds), Scalability 
and Power Consumption of Static Optical Core Networks, Globecom, Anaheim, USA, 
December 2012. 

[6] F. Idzikowski (TUB), L. Chiaraviglio (POLITO) and F. Portoso (POLITO), Optimal 
Design of Green Multi-layer Core Networks, in Proc. of the e-Energy, Madrid, Spain, May 
2012. 

[7] F. Musumeci (CNIT), M. Tornatore (CNIT), R. Fiandra (FW), A. Pattavina (CNIT), The 
Role of Network Topology on the Energy Efficiency of IP-over-WDM Architectures, 16th 
International Conference on Optical Networking Design and Modeling (ONDM), 
Colchester, UK, April 2012. 

[8] F. Musumeci (CNIT), M. Tornatore (CNIT), A. Pattavina (CNIT), A Power Consumption 
Analysis for IP-over-WDM Core Network Architectures, IEEE/OSA Journal on Optical 
Communications and Networking, Vol. 4, No. 2, pp. 108-117, February 2012. 

[9] F. Musumeci (CNIT), D. Siracusa (CNIT), G. Rizzelli (CNIT), R. Fiandra (FW), M. 
Tornatore (CNIT), A. Pattavina (CNIT), On the Energy Consumption of IP-over-WDM 
Architectures, IEEE International Conference on Communications (ICC), Ottawa, CA, 
June 2012. 

 

3.1.2 Improved spectral efficiency  and Elastic Optical Networking (EON) 

The increase of traffic experienced and forecasted in core networks has resulted in a strong 
research on new technologies aimed at increasing the spectral efficiency of the transmission 
networks in order to increase fiber capacity. These technologies are based on the use of 
several key blocks among which the following may have an important impact on energy 
efficiency: 

• Coherent reception with DSP (Digital Signal Processor) assisted impairment 
compensation. 

• Advanced modulation formats with higher numbers of transmitted bits per symbol. 

• Multicarrier structures with improved spectrum efficiency (super channel or 
Orthogonal Frequency Division Multiplexing OFDM). 

Indeed the generalization of signal processing with the DSP on the one hand requires 
additional power consumption compared to previous transmission generation that did not use 
it. On the other hand the improved spectral efficiency and electronics, may instead improve 
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the global energy consumption at the WDM transmission layer due to better power efficiency 
(Watt/Gbps). 

Currently available 100 Gbps solutions based on coherent implementations will be a 
commonplace in the very short term. Also solutions offering up to 200 Gbps capacity on a 
single 50 GHz frequency slot are starting to be deployed, thus offering 20 times more capacity 
than traditional 10 Gbps technologies. Flexible grid allows increasing the spectral efficiency 
even to higher figures. 

For coherent technologies, the DSP is a major power contributor and has a direct relation with 
the signal symbol rate: higher order modulation format translates into a better power 
efficiency.  This could be exploited using the concept of “software defined” transponders that 
along with flexible-grid networking form the basis of the EON. 

It is worth mentioning that with the introduction of high spectral-efficient equipment, 
common W/bps metric (or its derivatives) might be insufficient to capture the efficiency in 
utilizing the available spectrum. For example, OFDM transponders can make use of adaptive 
bandwidths depending on the required transmission rate and distance, and use the bandwidth 
more effectively. Therefore it might make sense to take into account the spectral efficiency of 
transmission with an energy-efficiency per GHz (EEPG) metric, as proposed in [10]. A study 
comparing the EEPG of EON with conventional WDM networks, both with single line rate 
(SLR) and mixed line rate (MLR) operation, has been carried out in [10]. The results show the 
superior performance of EON in terms of EEPG with respect to the current WDM approaches 
(EON shows EEPG improvement of up to 42% with respect to a MLR WDM with of line 
rates of 10, 40 and 100 Gbps). Its higher EEPG allows EON to provide much lower blocking 
than the WDM approaches, which also has an impact in terms of energy efficiency as it 
actually determines the number of network elements that are necessary to operate at a given 
traffic load.  

Cost is one of the main drivers for the operators when it comes to the decision of deploying a 
new technology. Accordingly, in [11] we aimed at evaluating the potential cost advantages of 
EON with respect to fixed-grid WDM networks considering not only the lower OpEx 
resulting from energy consumption, but also the capital expenditures derived from the 
different equipment. In a realistic network scenario, allowing service protection, simulations 
showed that even if the cost per bit of a bandwidth variable transponder (BVT) is initially 
higher than that of current WDM transponders the elastic network can be a more affordable 
approach. The final cost of EON strongly depends on the cost of a BVT, and the manner in 
which its capacity is shared for the transmission of different demands (the so-called sliceable 
or multi-flow transponder architectures will certainly reduce the cost of EON). Moreover, a 
significant advantage of EON will be given by its higher spectral efficiency and lower 
blocking, which results in higher cost efficiency per GHz, and permits to accommodate more 
traffic in a single fiber. 

Moreover, the concept of EON, based on OFDM and coherent detection, can bring significant 
advantages in terms of energy efficiency thanks to the variable lightpath capacity and the 
adaptive modulation formats. The finer granularity allows a better adjustment of the allocated 
capacity by expanding or contracting the channel bandwidth according to the actual user 
demand, whereas the adaptive modulation enables the choice of modulation format according 
to the demand and distance, thus minimizing the number of regenerations in the network. 
Furthermore, EON also improves the spectral efficiency and reduces the network blocking 
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with respect to fixed-grid scenarios, which has also an impact on the energy efficiency of the 
network.  

Studies in terms of energy efficiency for EON have been carried out for different network 
scenarios and conditions in [12] (i.e., different-sized network topologies, static and dynamic 
traffic operations, unprotected and protected networks, and different traffic loads). One of the 
main conclusions from the different studies is that EON can considerably benefit in terms of 
energy efficiency when exploiting its better adaptability to different traffic conditions and its 
high spectral efficiency. Figure 4 shows a comparison in terms of EEPG for the different types 
of network operation, at different traffic load values with no blocking conditions. Hence, it 
presents an overview of the energy efficiency, spectrum occupancy and blocking ratio 
measures. As shown, EON clearly outperforms all the fixed-grid WDM approaches in terms 
of EEPG and is able to convey higher traffic volumes without blocking (i.e. 119.288 Tbps 
compared to 74.152 Tbps and 77.376 Tbps of the MLR and SLR 100G, respectively). 
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Figure 4 - Energy Efficiency per GHz for the Telefónica I+D’s network model under non-blocking 
conditions [12] 

[10] J. López Vizcaíno (HWDU), Y. Ye (HWDU), V. López (TID), F. Jiménez (TID), R. 
Duque (TID), I. Tafur Monroy (DTU), P. Krummrich (TU Dortmund), Energy Efficiency 
Improvement with the Innovative Flexible-grid Optical Transport Network, Green 
Networking and Communications book, March 2013. 

[11] J. López Vizcaíno (HWDU), Y. Ye (HWDU), V. López (TID), F. Jiménez (TID), R. 
Duque (TID), P. Krummrich (TU Dortmund), Cost Evaluation for Flexible-Grid Optical 
Networks, IEEE Globecom workshop on Flexible Optical Networks, Anaheim, USA, 
December 2012. 

[12] J. López Vizcaíno et al., Green Networking and Communications: ICT for 
Sustainability, chapter on "Energy Efficiency Improvement with the Innovative Flexible-
Grid Optical Transport Network,” Auerbach Publications, CRC Press, November 2013. 

[13] J. López Vizcaíno (HWDU), Y. Ye (HWDU), I. Tafur Monroy (DTU), Energy 
Efficiency Analysis for Dynamic Routing in Optical Transport Networks, IEEE 
International Conference on Communications (ICC), pp. 3042-4047, Ottawa, Canada, 
June 2012. 
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[14] J. López Vizcaíno (HWDU), Y. Ye (HWDU), I. Tafur Monroy (DTU), Energy 
Efficiency Analysis for Flexible-grid OFDM-based Optical Networks, Computer 
Networks, Vol. 56, No. 10, pp. 2400-2419, June 2012. 

[15] J. López Vizcaíno (HWDU), Y. Ye (HWDU), I. Tafur Monroy (DTU), Energy 
Efficiency in Elastic-Bandwidth Optical Networks, 2nd IFIP international conference 
Network of the Future, pp. 107-111, Paris, France, November 2011. 

3.1.3 Embodied energy 

Most of the strategies aimed to improve the energy efficiency of the network focus on 
minimizing the operational energy consumed by the devices deployed in the network. 
However, the energy consumed during the whole lifetime of an installed device also needs to 
be taken into account (including e.g., manufacturing and decommissioning) in the design of 
energy-efficient networks. Otherwise, minimization of operational energy alone may result in 
an increase in the embodied energy values, for example by deploying more devices and hence 
a possible net increase in the network’s total energy (or carbon) footprint. 

In  [16], a multi-period evaluation in terms of energy efficiency, considering both embodied 
and operational energy contributions, is carried out for EON and conventional fixed-grid 
WDM networks (SLR and MLR). The results show that the embodied energy has generally a 
greater contribution to the total energy consumption than the operational energy consumption. 
Being the fiber the main contributor in terms of embodied energy, approaches aiming at 
increasing spectral efficiency and reducing blocking may help reducing the total embodied 
energy of the network. In this regard, EON can also be seen as a promising technology to 
reduce embodied energy thanks to more energy efficient capacity upgrades (e.g. modulation 
format change by software configuration) and possibility of transporting more traffic per fiber 
(lower blocking). 

 
[16] J. Mata (HWDU), J. Lopez Vizcaino(HWDU), Y. Ye(HWDU), I. Tafur 

Monroy(HWDU), Influence of Embodied Energy in the Energy Efficiency of Optical 
Transport Networks, 39th European Conference on Optical Communications (ECOC), 
London, UK, September 2013. 

 

3.1.4 Optical aggregation with sub-wavelength photonic switching technologies 

Using optical switching of lightpath instead of electronic at intermediate network nodes 
eliminates the need for optical to electronic to optical (O/E/O) conversion in the core nodes of 
the network. On the downside, this suffers from both scalability and efficiency issues 
especially in metro and backhaul networks, where there may be higher discrepancy between 
the effective traffic and the wavelength channel granularity. Aggregation is then needed to 
avoid dedicating a wavelength to a single source-target pair leading to severe bandwidth 
waste. In current networks the bandwidth of every wavelength channel is dynamically shared 
between several source-target pairs thanks to electronic switching. Sub-wavelength photonic 
switching technologies are also providing this capability.  
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In its simplest form, sub-wavelength switching consists of dividing the capacity of each 
wavelength channel into synchronous fixed-size time-slots. Time-slotted WDM architectures 
have been demonstrated as a viable approach to provide all-to-all connectivity in ring-based 
metro optical networks, e.g., [D]. In such networks, slots propagate on the ring and nodes can 
communicate by adding/dropping data to/from in-transit slots. By allowing intermediate nodes 
to be bypassed in the optical domain, the time-slotted switching architecture has the potential 
of reducing the energy consumption of today's electronic-based metro networks by up to 75% 
[17]. However, the time-slotted solution requires slot synchronization of all network nodes, 
which may be difficult to achieve in a meshed Wide Area Network (WAN).  

Optical Burst Switching (OBS) with reduced processing overhead and switching constraints 
may be an interesting solution for meshed networks. In OBS networks, incoming IP packets 
are aggregated into larger optical bursts at the edge of the OBS network. Unlike time-slotted 
solution burst of data may have variable length and can be sent asynchronously. Several 
flavors of control exist and we showed that the most promising solutions are the ones that 
avoid burst loss [18]. By eliminating O/E/O conversion at intermediate nodes, OBS is likely 
to considerably reduce power consumption. A recent proposal for sub-wavelength switching 
at burst granularity has shown by means of a detailed comparative study that sub-wavelength 
switching solutions are expected to reduce the energy consumption by some 50% when 
compared to today's electronic-based WANs [19-20]. 

 
[17] A. Bianco (PoliTO), T. Bonald (Telecom ParisTech), D. Cuda (Orange), and R.-M. 

Indre (Orange), Cost, Power Consumption and Performance Evaluation of Metro 
Networks, J. of Optical Communications and Networks, vol. 5, no. 1, pp. 81-91, Jan. 
2013. 

[18] E. Bonetto (PoliTO), A. Triki (Orange), E. Le Rouzic (Orange), B. Arzur (Orange), P. 
Gavignet (Orange), Circuit Switching and Time-domain Optical Sub-wavelength 
Switching Technologies: Evaluations on the Power Consumption, Proceedings of the 20th 
International Conference on Software, Telecommunications and Computer Networks 
(SoftCOM 2012), Split, Croatia, September 2012. 

[19] D. Cuda (Orange), R.-M. Indre (Orange), E. Le Rouzic (Orange), and J. Roberts 
(INRIA), Building a Low-Energy Transparent Optical Wide Area Network with 
"Multipaths", J. of Optical Communications and Networking, vol. 5, no. 1, pp. 56-67, Jan. 
2013. 

[20] D. Cuda (Orange), R.-M. Indre (Orange), E. Le Rouzic (Orange), J. Roberts (INRIA), 
Getting Routers out of the Core: Building an all-Optical Network with "Multipaths", 16th 
International Conference on Optical Networking Design and Modeling (ONDM), 
Colchester, UK, April 2012. 

 

3.1.5 Time Driven Switching: a Green Approach for Future Optical Networks 

Various energy-efficient approaches have been considered, typically exploiting optical 
switching technologies at the core network layer, since they allow to significantly reduce the 
quantity of high power-requiring optical/electronic/optical conversions and electronic 
processing operations. A further improvement can be obtained with Time Driven Switching 
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(TDS) [21], a technique which allows the switching of “fractions” of wavelengths directly in 
the optical domain exploiting the time-coordination of all network components. TDS 
effectively addresses the issue of high power consumption due to the signal opto-electronic 
conversion of wavelength-based architectures by subdividing the wavelength capacity in 
smaller portions of bandwidth (sub-λ granularity), enabling grooming directly in the optical 
domain. This new “clean-slate” approach to core networking has been compared to more 
classical network evolutions where node bypass is performed in the optical domain, with 
either transparent (Transparent-IP-over-WDM), or opaque (Opaque-IPoverWDM) solution. 
Numerical results obtained with the NSFNET and COST239 network topologies show that the 
TDS architecture is the most energy-efficient solution and it provides consumption at least 
40% lower than the other architectures. 

 
[21] F. Musumeci (POLIMI), F. Vismara (POLIMI), V. Grkovic (POLIMI), M. Tornatore 

(POLIMI), A. Pattavina (POLIMI), On the Energy Efficiency of Optical Transport with 
Time Driven Switching, IEEE International Conference on Communications (ICC), Kyoto, 
Japan, June 2011. 

 

3.1.6 Exploiting Dynamic Voltage and Frequency Scaling in Networks on Chip 

A Network on Chip (NoC) provides the interconnection among Processing Elements (PEs) 
through routers, which permit hop-by-hop communications between PEs. To cope with higher 
traffic demands, PEs and routers are running at increasingly higher clock frequencies. Thus, 
the chip power consumption grows rapidly and limits the NoC scalability. In the work 
presented in [22], we consider a Manhattan-like mesh (grid) NoC topology and we show how 
to leverage the traffic unbalancing within the topology to fully exploit the classical technique 
of Dynamic Voltage and Frequency Scaling (DVFS) to minimize the power consumption.  

Our contributions consist in modelling the optimal NoC power control problem, and in 
evaluating the maximum achievable power reduction. Furthermore, we propose three different 
load-balancing routing schemes, simple to implement, that approximate quite accurately the 
optimal solution. Simulation results show that, in most of the cases, it is enough to consider 
only two paths among PEs to balance the traffic and to approach the minimum possible power 
consumption. We evaluated that the power consumption savings can reach up to 60%, mainly 
depending on different traffic patterns. 

 
[22] A. Bianco (PoliTO), P. Giaccone (PoliTO), N. Li (PoliTO), Exploiting Dynamic 

Voltage and Frequency Scaling in Networks on Chip, IEEE 13th Conference on High 
Performance Switching and Routing (HPSR), Belgrade, Serbia, June 2012. 

 

3.1.7 Energy-Efficient Content Distribution 

Traffic volume generated by multimedia content represents the major part of the traffic and 
this part is expected to grow in the future. As an example, Cisco estimates that the sum of all 
forms of videos will represent 86% of the global consumer traffic by 2016 [E]. Content 
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distribution is thus an important issue for the energy consumption. Thus, an energy-efficient 
design of content distribution architectures managed by an Internet Service Provider (ISP) has 
been considered in [23]. The aim is to find the best locations in the ISP topology where to 
place the content requested by users from the Internet Peering Points (PPs) in order to 
minimize the energy consumption of the ISP infrastructure including transport, storage caches 
and servers.  

An example of the assumed scenario is reported in Figure 5. The topology is composed of 
different levels, being level 0 the PP providing connectivity with the rest of the world and the 
last level the set of users requesting content. Without content distribution, the content is sent 
directly from the PP to the users (Figure 5-(a)). This procedure has to be performed each time 
the content is requested by users (at time t1 and t2 in Figure 5), since the content is stored 
outside the network managed by the ISP. On the contrary, with the proposed approach, the 
content is first fetched into the caches at level j (Figure 5-(b)), stored for a certain amount of 
time and then accessed by users when needed (Figure 5-(c)). In this way, a decrease of traffic 
is possible in the portion of the network between the first level and level j, which in turn 
triggers a reduction of the energy consumption.  

The decision about where to store the content is taken on the basis of the energy consumption 
and the content popularity. In fact, very popular content is likely to be placed close to users to 
minimize the cost of transporting information inside the network. However, a tradeoff exists 
since the more the content is placed close to the users, the higher number of replicas are 
required. The preliminary results obtained over a realistic case study show that energy savings 
of more than 8% are achievable. These savings are obtained on the entire network of the ISP, 
ranging from the core to the access. Consequently, huge monetary savings are possible, 
corresponding to more than 750 k€ of saved money in one year. At the same time, a reduction 
of 18% in the bandwidth required at the PP is possible. 

 
[23] R. Modrzejewski (INRIA), L. Chiaraviglio (CNIT), I. Tahiri (INRIA), F. Giroire 

(INRIA), E. Le Rouzic (Orange), E. Bonetto (PoliTO), F. Musumeci (POLIMI), R. 
Gonzalez (UC3M), C. Guerrero (UC3M), Energy Efficient Content Distribution in an ISP 
Network, Globecom 2013, Atlanta, USA, December 2013. 

 

 

Figure 5 –   Traditional content distribution (a) and content caching approach (b) (c). 
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3.2 Energy-Efficient Network Design 

3.2.1 Energy awareness in the design of optical core networks 

Energy consumption can be addressed as early as at the stage of network design, i.e., when 
devices to be installed in the network as well as their configuration are chosen. Several design 
choices are available to improve the energy efficiency of the core network segment [24]. 
Identifying the most important design parameters is thus required.  

The most important choice is the design objective. Setting minimization of energy 
consumption as the design objective brings of course a significant reduction of energy 
consumption with respect to choosing performance optimization (like traffic load 
minimization) as the design objective. Achievable energy savings range from 10% to 30% 
depending on the network topology and the traffic load [24]. Interestingly, similar networks 
are designed when taking either Capital Expenditures (CapEx) minimization or power 
consumption minimization as the design objective [6]. This is due to the fact that power 
consumption of today’s devices is basically independent of load, and therefore their power 
and CapEx are similarly proportional to capacity. 

Another design choice concerns the routing of the traffic demands: single-path vs. multi-path 
routing. Adopting multi-path routing requires that each traffic demand is split into several 
sub-demands routed independently, potentially following different paths from the source to 
the target node. Thus, multi-path routing can achieve a more effective traffic grooming, 
resulting in fewer network interfaces and as a consequence in lower network energy 
consumption. Savings are significant only for low traffic load; otherwise the savings reach 
roughly 10% [24]. 

In summary, the energy consumption of core networks can be significantly reduced if 
appropriate choices are performed during the design phase [25]. However, some of the energy 
wise choices may reduce network performance. For example, optical bypass may reduce 
network availability because in case of a failure, it prevents from re-routing at the intermediate 
router that has been bypassed; thus a trade-off between energy reduction and performance 
should be sought for. 

 
[24]  A. Bianco (PoliTO), E. Bonetto (PoliTO), and A. Ahmad (PoliTO), Energy 

awareness in the design of optical core networks, Optical Fiber Communication 
Conference and Exposition OFC/NFOEC, Anaheim, CA, USA, March 2013. 

[25] Ahmad (PoliTO), A. Bianco (PoliTO), E. Bonetto (PoliTO), L. Chiaraviglio (CNIT), 
F. Idzikowski (TUB), Energy-Aware Design of Multilayer Core Networks, IEEE/OSA 
Journal of Optical Communications and Networking, Vol. 5, No. 10, pp. A127-A143, 
October 2013. 

[26] E. Bonetto (PoliTO), L. Chiaraviglio (PoliTO), F. Idzikowski (TUB), E. Le Rouzic 
(Orange), Algorithms for the Multi-Period Power-Aware Logical Topology Design with 
Reconfiguration Costs, IEEE/OSA Journal of Optical Communications and Networking, 
Vol. 5, No. 5, pp. 394-410, May 2013. 
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[27] A. Coiro (CNIT), M. Listanti (CNIT), T. Squarcia (CNIT), A. Valenti (FUB), F. 
Matera (FUB), Energy-Minimised Virtual Topology Design in IP over WDM Backbone 
Networks, IET Optoelectronics, Vol. 6, No. 4, pp. 165 - 172, August 2012. 

[28] E. Bonetto (PoliTO), L. Chiaraviglio (PoliTO), D. Cuda (Orange), F. Idzikowski 
(TUB), F. Neri (PoliTO), Exploiting Traffic Dynamics in Power-Aware Logical Topology 
Design, 37th European Conference and Exhibition on Optical Communication (ECOC), 
Geneva, Switzerland, September 2011. 

[29] L. Chiaraviglio (PoliTO), M. Mellia (PoliTO), F. Neri (PoliTO), Minimizing ISP 
Network Energy Cost: Formulation and Solutions, IEEE/ACM Transactions on 
Networking, July 2011. 
 

3.2.2 Energy-optimal file distribution 

Recent studies [C] demonstrate that homes and organizations (i.e., end-hosts) are responsible 
for 75% of the overall Internet energy consumption. Furthermore, existing file distribution 
services such as peer-to-peer (P2P) file sharing applications, one-click-hosting services, 
software releases, etc., represent a major fraction of the current Internet traffic [F]. Since file-
sharing applications are typically run by end-host devices (e.g., PCs or laptops), the combined 
effect of the two previous arguments suggests that file-sharing applications are responsible for 
a significant fraction of the overall energy consumption in the Internet.  

The majority of previous studies in the area of optimizing file distribution services have 
mainly focused on minimizing the download time [G]. However, those algorithms, designed 
to minimize the download time, are not optimal in terms of energy consumption. 

Performance of energy-efficient file distribution algorithms was analyzed in [30]. In particular 
we proposed to use the upload capacity of hosts, which are on for downloading a block of the 
file to serve blocks to other hosts in a P2P fashion. 

The obtained results show that the proposed algorithms reduce the energy consumption in a 
file distribution process with respect to any centralized file distribution schemes (which are 
widely used). In particular, the simulations show that, even in scenarios for which our 
algorithms were not designed for (e.g., considering heterogeneous energy consumption or 
network congestion), the proposed collaborative P2P schemes achieve significant energy 
savings with respect to largely used centralized file distribution systems. These savings range 
between 50% and two orders of magnitude, depending on the centralized scheme under 
consideration. 

 
[30] K. Verma (IMDEA), G. Rizzo (IMDEA), A. Fernandez-Anta (IMDEA), R. Cuevas-

Rumin (UC3M), A. Azcorra (UC3M), Greening the Internet: Energy-Optimal File 
Distribution, 2012 IEEE 11th International Symposium on Network Computing and 
Applications, August 2012. 
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3.3 Energy efficient Data Centers 

3.3.1 Reducing the Power Consumption of Network Devices in Large Datacenters 

Recent studies have shown that network devices in data centers can consume an amount of 
power equal to 15% of the power consumed by the servers themselves [B]. Thus, it makes 
sense to investigate solutions reducing the power consumption of these devices. To this end, 
we proposed a solution, called VMPlanner [31-32], to efficiently optimize the network power 
consumption in a cloud data center. VMPlanner performs two main tasks: the Virtual 
Machines (VMs) placement inside the data center, and the traffic flow routing between the 
VMs. At the end of this procedure, as many network elements as possible are switched off 
while guaranteeing Quality of Service (QoS) constraints. 

The problem is formulated as an Integer Linear Program and solved sub-optimally by 
decoupling in three different steps. In particular, first the VMs are grouped into sets that 
exchange a minimum amount of traffic. Then, as the second step, the VMs are mapped to the 
server infrastructure in order to minimize the traffic that is exchanged between the servers. 
Finally, the traffic generated by the VMs is routed in such a way that as many network 
elements as possible can be turned off. Results demonstrate the efficiency and efficacy of the 
proposed solution, with up to 60% of saving achievable compared to a solution in which all 
the network devices are always powered on [32]. 

 
[31] W. Fang (Beijing Jiaotong University), X. Liang (Beijing Jiaotong University), S. Li 

(Beijing Jiaotong University,), L. Chiaraviglio (PoliTO), N. Xiong (Colorado State 
University), VMPlanner: Optimizing virtual machine placement and traffic flow routing to 
reduce network power costs in cloud data centers, Computer Networks, September 2012. 

[32] W. Fang, X. Liang, S. Li, L. Chiaraviglio(PoliTO), and N. Xiong, VMPlanner: 
optimizing virtual machine placement and traffic flow routing to reduce network power 
costs in cloud data centers, J. Computer Network, vol. 57, no. 1, pp. 179–196, Jan. 2013. 

3.3.2 Self-Organizing Algorithm for Energy Saving in Data Centers 

The ever increasing demand for computing resources has led companies and resource 
providers to build large warehouse-sized data centers, which require a significant amount of 
power to be operated: 120 billion of kWh in the USA alone, as stated in the report published 
by the USA Environmental Protection Agency [H]. 

Many efforts have been devoted to the efficiency improvement of the physical infrastructure 
of the data centers. Indeed, only a fraction of the power that enters the data centers is actually 
used to support the workload, while a consistent amount of power is used by the facilities for 
power supply and distribution, and by the cooling infrastructure. However, the physical 
efficiency is not enough to guarantee the overall efficiency of the data center that has to be 
also related to the computational efficiency that, in its turn, depends on the workload 
distribution over the servers. A given load evenly distributed over a large number of servers 
that work at low utilization requires more energy than the same load groomed over a smaller 
number of servers that work at higher utilization. This observation, combined with the 
possibilities offered by virtualization, has led to many approaches to consolidate load on as 
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few servers as possible. The key issues are then the strategies to properly allocate VMs to 
servers and the methods to face the possibility that servers, which work at high utilization, 
become overloaded due to fluctuations of the amount of resources requested by the running 
VMs.  

The solution proposed in [33] consists of delegating part of the decision processes to the 
servers, so that the allocation and migration strategies are implemented in a distributed 
fashion with the contribution of all the servers. The servers use only the local knowledge 
about their own load and make simple probabilistic decisions about their availability to host a 
new VM or the need to migrate some VM to other servers. The probability of accepting a new 
VM or migrating one depends on the server load, so that overload conditions can be avoided. 
By acting this way, the system, as a whole, naturally scales and adapts to the varying 
conditions. The achieved energy saving depends on the workload profile varying over time 
and, thus, on the degree of server consolidation that can be achieved. Average daily saving is 
typically between 30 and 40%. 

 
[33] C. Mastroianni (ICAR-CNR), M. Meo (PoliTO), G. Papuzzo (ICAR-CNR), Analysis 

of a Self-Organizing Algorithm for Energy Saving in Data Centers, Workshop on High-
Performance, Power-Aware Computing (HPPAC), Boston, USA, May 2013. 
 

3.3.3 Cloud computing 

Given the decreasing availability of fossil fuels and the raising concern about global warming, 
research has also been focused on novel “low-carbon” solutions for building backbone 
networks connecting data centers. In the paragraph below we present three studies with a 
slightly different focus with respect to this issue. 
First, the study in [34] investigates the usage of renewable energy (typically with low-carbon 
emissions) to power data center sites from a high-level perspective. The work evaluates the 
following two follow-the-wind/follow-the-sun strategies: (a) whether deploying additional 
data centers sites to maximize the availability of renewable energy can lead to carbon savings, 
and (b) the potential carbon savings when existing, lowly loaded data centers aggregate their 
load to data centers sites that have renewable energy available.  The main findings were that 
the achievable savings are heavily influenced by (a) the ratio of the carbon emissions 
associated with manufacturing data centers over the carbon emissions associated with the 
operation of the data center (see Figure 6), and (b) the emission intensity (in grams of emitted 
CO2 per kWh electricity) of the regular, non-renewable electricity. 
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Second, in [35-36], investigation has been performed on how to dynamically route on-demand 
optical circuits that are established to transfer energy-intensive data processing towards data 
centers powered with renewable energy. The proposal consists in two novel routing 
algorithms for connections supporting cloud-computing services, aimed at minimizing the 
CO2 emissions of data centers by following the current availability of renewable energy (Sun 
and Wind). The results show that relevant reductions, up to about 30% in CO2 emissions, can 
be achieved using such new approach compared to baseline shortest-path routing strategies, 
paying off only a marginal increase in terms of network blocking probability.  

Third, the study in [37] is an initial exploration in the problem of energy-efficient task 
allocation in cloud environment by moving virtual machines to sites were renewable energy is 
available, and this in the presence of time-varying energy prices and unpredictability and time 
variation of renewable energy. Numerical results on real traces of cloud traffic and renewable 
source generation patterns are encouraging in terms of the performance of the employed 
techniques and motivate further research on the topic. 

 
[34] W. Van Heddeghem (iMinds), W. Vereecken (iMinds), D. Colle (iMinds), M. 

Pickavet (iMinds), P. Demeester (iMinds), Distributed Computing for Carbon Footprint 
Reduction by Exploiting Low-Footprint Energy Availability, Future Generation Computer 
Systems, May 2011. 

[35] M. Gattulli (CNIT), M. Tornatore (CNIT), R. Fiandra (FW), A. Pattavina (CNIT), 
Low-Carbon Routing Algorithms for Cloud Computing Services in IP-over-WDM 
Networks, IEEE International Conference on Communications (ICC), Ottawa, CA, June 
2012. 

[36] M. Gattulli (POLIMI), M. Tornatore (POLIMI), R. Fiandra (FW), A. Pattavina 
(POLIMI), Low-Emissions Routing for Cloud Computing in IP-over-WDM Networks with 
Data Centers, Journal of Selected Areas in Communications, to be published. 

[37] D. Hatzopoulos (UTH), I. Koutsopoulos (UTH), G. Koutitas (UTH), W. Van 
Heddeghem (iMinds), Dynamic Virtual Machine Allocation in Cloud Server Facility 
Systems with Renewable Energy Sources, IEEE International Conference on 
Communications (ICC), Budapest, Hungary, June 2013. 

 

Figure 6 -  The carbon savings when deploying additional data centers sites (m = total number data center 
sites) to benefit from renewable energy availability. The manufacturing fraction f, which is the ratio of the 
data center manufacturing carbon footprint over the usage carbon footprint, has a major influence on the 

achievable savings.  
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[38] C. Comito (ICAR-CNR), D. Falcone (ICAR-CNR), D. Talia (ICAR-CNR), P. Trunfio 
(ICAR-CNR), Energy Efficient Task Allocation over, International Conference on Cloud 
and Green Computing (CGC), pp. 380-387, Australia, December 2011. 
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4. Energy Efficient Network Operation 

4.1 Dynamic usage of sleep modes 

Power consumption of today’s network devices barely depends on the load [39]. Therefore 
putting idle devices into sleep modes [40] (or even turning them off) is a more effective way 
of saving energy than decreasing load without any action taken on the network devices 
themselves. 

The easiest approach to the dynamic usage of sleep modes is to locally monitor load on links 
attached to a node, and deactivate corresponding interfaces when they are idle, and activate 
them when other parallel links become full. We called this method FUFL (Fixed Upper Fixed 
Lower) [41], and extended in [42], where we proposed two load thresholds triggering in 
advance activation and deactivation of links in order to provide higher QoS. 

Usage of sleep modes can be increased by smart adaptive routing of traffic in order to increase 
the number of idle network devices, as elaborated in Section 4.2. 

A new Markov-chain based analytical model has been developed in [43] to evaluate the 
energy benefits achievable by a network power management strategy where some 
transponders can be set into sleep-mode and reserved for high priority connections. This 
analytical blocking model enables the theoretical investigation of the trade-off between the 
potential energy-saving and the performance degradation deriving by the utilization of 
reserved idle transponders. Comparison is made with the cases where: i) all devices are 
always powered-on; ii) no reservation of idle transponders is performed for high priority 
connections. The results confirm and theoretically corroborate those provided by experimental 
studies, where it is shown that up to 56% of power savings can be achieved with respect to the 
traditional scenarios where all devices are always fully powered-on. 

The gain of the sleep mode mechanisms were also studied in [44] where a theoretical model 
based on random graph theory was formulated in networks where energy proportional devices 
are deployed. In such network, when a device is switched-off the traffic passing through it has 
to be rerouted on different paths; thus, the beneficial saving achieved by switching off the 
device is mitigated by the increase of the consumption of the devices that remain on, due to 
the higher load they have to sustain. The results showed the dependence on this gain with 
respect to the variable part of the power profile with respect to load.  

 
[39] W. Van Heddeghem (iMinds), F. Idzikowski (TUB), E. Le Rouzic (Orange), J. Y. 

Mazeas (Orange), H. Poignant (Orange), S. Salaun (Orange), B. Lannoo (iMinds), D. 
Colle (iMinds), Evaluation of Power Rating of Core Network Equipment in Practical 
Deployments, IEEE online Greencom, online conference, September 2012. (also reported 
in WP1) 

[40] R. Bolla (CNIT), R. Bruschi (CNIT), A. Cianfrani (UNIROMA1), M. Listanti 
(UNIROMA1), Introducing Standby Capabilities into Next-Generation Network Devices, 
PRESTO '10 Proceedings of the Workshop on Programmable Routers for Extensible 
Services of Tomorrow, Philadelphia, USA, November 2010. (also reported in WP1) 
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[41] F. Idzikowski (TUB), S. Orlowski (atesio GmbH), C. Raack (Zuse Institut Berlin), H. 
Woesner (TUB), A. Wolisz (TUB), Dynamic Routing at Different Layers in IP-over-
WDM Networks – Maximizing Energy Savings, Optical Switching and Networking, Vol. 8, 
No. 3, pp. 181 - 200, July 2011. 

[42] F. Idzikowski (TUB), L. Chiaraviglio (INRIA), R. Duque (TID), F. Jiménez (TID), E. 
Le Rouzic (Orange), Green Horizon: Looking At Backbone Networks in 2020 From the 
Perspective of Network Operators, IEEE International Conference on Communications 
(ICC), Budapest, Hungary, June 2013. 

[43] F. Musumeci (POLIMI), M. Tornatore (POLIMI), M. Riunno (FW), A. Pattavina 
(POLIMI), A Blocking Analysis for Green WDM Networks with Transponder Power 
Management, 15th International Conference on Transparent Optical Networks (ICTON), 
Cartagena, Spain, June 2013. 

[44] L. Chiaraviglio (PoliTO), D. Ciullo (PoliTO), M. Mellia (PoliTO), M. Meo (PoliTO), 
Modeling Sleep Modes Gains with Random Graphs, IEEE INFOCOM 2011 Workshop on 
Green Communications and Networking, Shanghai, China, April 2011. 
 

4.2 Adaptive routing at IP and WDM layers 

Network topologies in the core usually form a mesh, where more than one path is present 
between a node pair. Dynamic choice of the path for the traffic demands arriving at the 
network can be used to increase the number of idle or lightly loaded devices during the low 
demand hours [41]. It is difficult to switch off complete nodes of core networks, because there 
is usually (aggregated) traffic originating from or targeted to them. However, traffic can be 
rerouted from some links, and delivered to the target nodes via alternative paths. Furthermore, 
many IP links are composed of bundled links of the lower layer, so it is possible to 
temporarily decrease their capacity and deactivate the excessive resources. Furthermore, the 
rate of both the link and node equipment could be reduced to decrease its power consumption. 

We presented a wide set of adaptive routing solutions working in both the IP layer and the 
optical layer in [45]. An evaluation study based on the France Telecom network scenario and 
medium traffic forecast for the year 2020 has shown that the different solutions utilizing 
adaptive routing in the IP layer achieve comparable savings. 39-45% of energy consumed by 
line cards over a working day can be saved with respect to the static base network. We made 
sure that the over-provisioning targeted by the adaptive solutions remains at the same level as 
in the static base network dimensioned for the peak traffic. Furthermore, we compared these 
savings with the savings of a simple solution called Fixed Upper Fixed Lower (FUFL), where 
no dynamic routing is used, but only dynamics of traffic is utilized. FUFL achieves energy 
savings of 15% in the considered scenario. The smaller savings in comparison to the results 
obtained by the more sophisticated solutions are balanced by the simplicity of application of 
this distributed solution, as it requires only local knowledge to make decisions about 
activation or deactivation of resources. 

The percentage of energy savings achieved by the solutions in the optical layer (with respect 
to all devices targeted to be put into sleep mode) is similar or even higher [46]. However, the 
absolute values of the savings in kWh are much smaller than those in the IP layer, as optical 
line amplifiers consume significantly less power than the router line cards [3]. 
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[51] F. Idzikowski (TUB), E. Bonetto (PoliTO), L. Chiaraviglio (PoliTO), EWA – an 
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Technical Report TKN-12-002, May 2012. 
 

4.3 Dynamic rate adaptation 

In the core, Elastic Optical Networking (EON) has been assessed in TREND as a potential 
solution to improve transmission equipment power efficiency. 

EON’s benefit is based on the current trend towards coherent 40 Gbps and 100 Gbps solutions 
and even higher speed implementations. Instead of having transparent connections 
underutilized (either because of their overcapacity with respect to actual traffic demands or 
due to the wide capacity gap between the transponder types), EON exploits the so called Bit-
rate Variable Transponder (BVTs), which have different working modes. 
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BVTs can be dynamically reconfigured to accomplish a specific capacity-reach tradeoff. 
Together with flexible grid Reconfigurable Optical Add Drop Multiplexers (ROADMs), they 
provide a great deal of flexibility on the assignment of physical resources, which can be 
leveraged for energy saving purposes. 

Analysis in terms of energy efficiency in different network scenarios and conditions (i.e. 
different-sized network topologies, static and dynamic traffic operations, unprotected and 
protected networks, and different traffic loads) showed significant improvements with respect 
to the conventional WDM networks. These advantages mainly come from the possibility of 
providing dynamic resource adaptation to the actual load, but EON also has better spectral 
efficiency with respect to conventional WDM networks, which can be further translated to 
reduced energy consumption. 

Dynamic scenarios in which the traffic demands fluctuate in time are significantly 
advantageous for EON when comparing to conventional fixed-grid WDM networks [52]. In 
these conditions, EON clearly outperforms in terms of energy efficiency the flexible-grid 
WDM approaches by its high adaptability to traffic variations (e.g. possibility of increasing 
the modulation order or expanding and contracting the bandwidth) as shown in Figure 7 (left). 
Moreover, the possibility of increasing the modulation order to enlarge the lightpath capacity 
results in a better spectral occupancy and a lower blocking as can be seen in Figure 7 (right). 

 
[52] J. López. Vizcaíno (HWDU), Y. Ye (HWDU), V. López (TID), F. Jiménez (TID), F. 

Musumeci (CNIT), M. Tornatore (CNIT), A. Pattavina (CNIT), P. Krummrich (TU 
Dortmund), Protection in Optical Transport Networks with fixed and flexible grid: Cost 
and Energy Efficiency Evaluation, Optical Switching and Networking, Volume 11, Part A, 
Pages 55-71, January 2014. 

 

4.4 Energy-efficient protection schemes 

Conventional protection schemes 

Guaranteeing high resilience is a must for operators in order to fulfil the service level agreement 
(SLA) terms, such as service availability. The studies in [52] and [53] compare the energy 
efficiency of three of the most common protection schemes: dedicated protection 1+1 (DP 1+1), 
dedicated protection 1:1 (DP1:1), and shared protection (SP) for EON and fixed-grid WDM 
approaches. Among the different protection schemes, SP was shown as the most energy- and cost-
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Figure 7–  Simulation results for Telefónica I+D's network model with dynamic traffic conditions: (a) Energy 
efficiency [Mb/J] (left). (b) Service blocking ratio (right) [13]. 
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efficient thanks to its lower power consumption and spectrum usage. On the other hand, DP 1+1, 
despite offering the highest availability and fastest recovery, is the least energy- and cost-efficient 
due to its duplicated transmission on working and protection paths. The results also present EON 
as the most energy- and spectral efficient solution, which allows for the transmission of more bits 
per GHz per Joule (energy efficiency per GHz) than any other WDM approach for all the 
protection schemes (dedicated and shared path ones). 

Energy and power-aware protection scheme 

Protection is traditionally accomplished by allocating dedicated resources (DP 1+1) which are 
maintained active independently of the actual traffic requirements of the network, thus 
“unnecessary” power is consumed. In [54], a novel protection scheme which exploits the traffic 
fluctuations during the day has been proposed to hourly adapt the rate of the backup transponders 
to the actual bandwidth requirements. We apply this protection scheme to WDM (both SLR and 
MLR) and to EON network and find that significant energy savings can be obtained with respect 
to the conventional protection scheme, especially in the EON scenario and for high load 
conditions as shown in Figure 8 (i.e. energy savings up to 11% and 18% can be achieved on a 
working and a weekend day, respectively). 

Quality of protection 

In long-haul optical networks, the most common and secure strategy to provide resilience is 
implementation of a DP 1+1, scheme, where the data is duplicated and transmitted on two 
link-disjoint paths. This scheme requires the reservation of twice the spectral resources for 
working and protection paths, and the deployment of redundant transponders, which are 
simultaneously active and consuming power. However, in many cases clients may not require 
such a high level of reliability for their service. Accordingly, the heterogeneity of protection 
requirements requested by clients could be exploited to enhance the energy efficiency of the 
network with respect to the conventional DP 1+1. A differentiated quality of protection (Diff 
QoP) was proposed in [55-57] and evaluated for both fixed-grid WDM and flexible-grid 
OFDM-based EON. The provisioning of Diff QoP is based on the definition of different QoP 
classes corresponding to different protection levels: DP 1+1, DP 1:1, shared protection and 
best-effort protection. 

In the study, different traffic load conditions with different percentages of QoP traffic classes 
have been evaluated corresponding to the predominance of different types of client: i) big 
corporations, ii) small- and medium-enterprises, and iii) intermediate scenario. Energy savings 

 

Figure 8 –  Average energy savings of different architectures on a working and a weekend day with respect to 
the conventional 1+1 dedicated protection (DP 1+1) scheme for different traffic load conditions for the 

Telefónica I+D’s network model.  
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up to 21% can be achieved with respect to DP 1+1 scheme. Even though power savings can 
be obtained for all the different traffic conditions, the degree of power savings strongly 
depends on the transmission technology, total traffic, and distribution of traffic classes. 
Savings are more significant at high traffic load, and for scenarios with lower percentage of 
client demands requiring maximum protection.  

The Diff QoP strategy has also been evaluated in for EON in a dynamic traffic scenario 
showing also significant energy efficiency improvements, of up to 235%, and blocking 
reduction with respect to the conventional DP 1+1 [58]. 

Protection based on sleep-modes 

In this context, considering that protection resources (i.e., WDM transponders, IP routers line 
cards, etc.) can be set into a low-power sleep-mode, high energy benefits can be obtained. In 
 [58], a comparison between different protection strategies has been carried out from the power 
consumption point of view, by accomplishing a power-minimized network design. Dedicated 
vs. shared as well as link vs. path protection strategies have been compared, developing for 
each of the four scenarios an Integer Linear Programming based formulation aiming at 
minimizing the network power consumption. It has been found in [59-60] that up to about 
60% of power savings, according to the protection strategy and traffic scenario, can be 
obtained by setting protection devices into sleep-mode, especially thanks to the possibility of 
saving large amounts of the power spent in IP routers. Moreover, it has been also found that, 
by employing sleep-mode for protection devices, it is possible to guarantee network resilience 
for a small (1–2%) additional power expenditure compared to non-resilient scenarios. Further 
results and discussion can be found in [59]. 
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efficiency in transport networks, 9th International Workshop on Design of Reliable 
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4.5 Cooperation 

Content Distribution and Network Management for Energy-Efficiency 

Internet Service Providers (ISPs) are becoming sensitive to reduce their power consumption 
due to the electrical power consumption of the network equipment. At the same time, also 
Content Providers (CPs) are experiencing huge energy costs due to the massive deployments 
of servers and computational machines. To this purpose, we propose a new solution in which 
ISPs and CPs cooperate together to reduce jointly the power consumption. The ISPs manage a 
set of routers and links, while the CPs operate servers. By properly turning on/off network and 
server equipment, it is possible to reduce the overall power consumption. 

Traditionally, ISPs and the CPs are not willing to share sensitive information such as the 
network topology and the servers’ load. Therefore, the proposed approach is distributed over 
the ISP and the CP to limit the amount of exchanged information.  

We evaluate our model with realistic ISP topologies and power figures. Simulations show up 
to 71% power savings relative to a classic formulation of the joint problem, which minimizes 
only the users’ delay. Moreover, we have shown that a preferential server placement saves an 
additional 15% over the overall power consumption with respect to a random one. Finally, our 
results indicate that the distributed solutions are near-optimal for all considered scenarios, 
with a maximum power saving of 54% with respect to the classic formulation of the joint 
problem. More details can be found in [61-62]. 
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5. Conclusions 

5.1 Summary 

The schemes proposed in this report could lead to the (estimated) energy consumption 
reductions summarized in Figure 9 [63-64]. These numbers are purely indicative (according to 
the corresponding references), since their relative impact on the global picture depends on the 
consumption of the segment they address and the considered network scenario.  

 

5.2 Recommendations and perspective 

Regulation and incentive towards energy efficiency 
Improving power efficiency is certainly under the responsibility of equipment vendors, 

but incentives are to be initiated from operators with requests and specifications. Improved 
power efficiency requires new technologies or new network architectures. It is then an 
operator decision to upgrade its network or change its architecture. Cost savings generated by 
energy consumption reduction are already a relevant incentive for network operators. 
Regulations also play an important role as an incentive for vendors and operators to meet 
certain standards. As an example, due to the free-market, the publication of the power 
consumption values could be a positive trigger for vendors to make their equipment more 
energy-efficient. Regulation though may also have a negative impact on the total network 
power consumption, for instance when it leads to the deployment of multiple infrastructures to 
avoid the dominant position of an operator.  

Keeping a global vision 

Content Distribution and network 
management1 up to 71%

Content caching up to 8%

File distribution2 up to 50%

Adaptive routing with sleep 
mode up to 45%

Optical bypass up to 50%

Energy awareness 10 to 30%

EON up to 18 %

Sub-wavelength photonic 
switching (SWPS) up to 50%

Efficient design of data centers networks up 
to 60%

Virtualisation and self-organizing algorithm
up to 40%

Protection based on sleep modes 
up to 60%

Energy efficient. Protection
up to 21 %

Sleep mode 15%

SWPS up to 75%

CoreMetro / Backhaul

Packet 

(Aggregation) 

IP / MPLS

Data centers 

servers

WDMWDM

1. Power reduction (Content Distribution and Network 

Management)

2. Reduction in terms of energy per bit (File distribution)

EON : Elastic Optical Networks

SWPS: Sub-wavelength Photonic Switching  

Figure 9 –  Summary of the estimated energy reductions presented in the report. 
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Energy consumption reduction should be thought beyond the actors’ own equipment, 
keeping in mind that savings on one part of the network may result in an increase in other 
parts. An end-to-end vision is inevitable to make the most out of the proposed solutions. And 
it is also a must to make the solution compatible with operators’ requirements. QoS is a good 
example. 

Core networks are especially critical segments, where it is hardly possible to trade QoS 
for energy saving. As a result, the impact of any proposed solution should be evaluated with 
respect to its possible impact on failure rates of network devices, on network resilience and on 
possible service disruption due to energy-efficient mechanisms.  

Taking a global view on energy-efficient optical networks is a complex task. While we 
pointed out the current solutions and open issues, which have been partially addressed within 
TREND, simulation or detailed modeling of the network as a whole (including core and 
access networks, as well as customer premises network equipment and data centers) remains 
an open issue for further investigations 
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7.  List of Acronyms 

ADSL Asymmetrical Digital Subscriber Line 

CapEx Capital Expenditures 

CDN Content Delivery Networks 

CIs Collaborating Institutions 

CP Content Provider 

DP Dedicated Protection 

DSLAM Digital Subscriber Line Access Multiplexer 

DVFS Dynamic Voltage and Frequency Scaling 

DWDM Dense WDM 

EO Electrical to Optical 

EON Elastic Optical Network 

FTTH Fiber To The Home 

ICT Information and communication technologies 

ILP Integer Linear Programming 

IP Internet Protocol 

IPoSDH IP-over-SDH 

IPoWDM IP-over-WDM 

IRA Integrated Research Action 

ISP Internet Service Provider 

IT Information Technology 

ITU International Telecommunication Union 

ITU-T Telecommunication Standardization Sector 

MAN Metropolitan Area Network 

MLR Mixed line rate 

NoC Network on Chip 

OBS Optical Burst Switching 

OE Optical to Electrical 

OEO Optical to Electrical to Optical 

OFDM Orthogonal Frequency Division Multiplexing 

OSN Online Social Network 

OXC Optical cross-connect 

O-IPoWDM Opaque IP-over-WDM 

P2P peer-to-peer 

POADM Packet Optical Add-Drop Multiplexer  

PP Peering Point 
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QoS Quality of Service 

ROADM Reconfigurable Optical Add Drop Multiplexer 

SCN-WDM Static Core Node over WDM 

SCN-OB Static Core Node with Optical Bypass 

SDH Synchronous Digital Hierarchy 

SLR Single Line Rate 

SLPSN Sub-Lambda Photonically Switched Networks 

SOTCN Static Optically Transparent Core Node 

SP Shared path protection 

TDS Time Driven Switching 

TWIN Time-domain Wavelength Interleaved Network 

Tl-IPoWDM Translucent IP-over-WDM 

Tp-IPoWDM Transparent IP-over-WDM 

VM Virtual Machine 

VPLS Virtual private LAN service 

WAN Wide Area Network 

WDM Wavelength Division Multiplexing 

WP Work Package 

 


