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Abstract: A network-based model of the carbon
footprint of the Internet has been thrust area and it  is
presented here and used to determine the carbon decline
due to Internet-based telecommuting and teleconferencing
services that replace car and air travel. The model
presented here includes DSL, FTTN and PON access
technologies, edge and core network architectures which
have been based upon currently commercially available
equipment. We are trying to find out  carbon emissions of
the Internet and we will factor in this in our analysis in
order to obtain an accurate estimate of carbon abatement
provided by the Internet

INTRODUCTION:
This is widely believed for several years now

that broadband telecommunications may be able to
reduce the need for business travel as work could be
disposed off through using telecommuting and
teleconferencing (Telecom India1975; Nairn 2007;
Mallon et al. 2007; Webb et al. 2013). In the past,
the focus remained on savings in travel time, cost
and fuel. More recently scholars have tried to
establish relation between the energy and greenhouse
emission cost of travel that has renewed impetus to
studies of telecommunications as an alternative to
travel and find out its benefit in terms to carbon foot
print. A reduction in business travel would reduce
greenhouse gas emissions (Nairn 2007). However,
there is requirement of fast internet and other
technological support to build capacity of the Internet
to support good quality video conferencing. If
Internet capacity is upgraded, the energy

consumption, and consequently the greenhouse
footprint of the Internet will also increase (Baliga et
al. 2007). The authors are not aware of any models
that provide a quantitative measure of the increased
greenhouse gas emissions from the Internet if it is to
support a significant reduction in business travel.

CARBON FOOT PRINTING—
OPPORTUNITIES AND THREATS:

There are surprisingly many people out there that
obviously think that carbon foot printing is a new
thing. They obviously are not aware of the fact that
it has been around for decades—just being called
differently, i.e. the result of the life cycle impact
category indicator global warming potential (GWP).
However, carbon foot printing (CFP) is really
fashionable these days. Like with all fashion, not all
that glitters is gold.

Taking carbon foot printing as the one and only
yardstick, one has to face life-threatening trade-offs.
If carbon footprint is the way to go, we need to shut
down each waste-water treatment plant in the world,
because it leads to an increased carbon footprint.
You should also tear out the catalytic converter and
diesel particulate filters from cars, because they lead
to a higher CFP. Nuclear power would be obviously
a most preferable energy generation option, because
it has a lower carbon footprint than even most
renewable energy sources—at least based on
information provided by pertinent EPDs (Vattenfall
2005; 2007a, b). Recycling paper should be stopped,
because compared to virgin paper with a carbon
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footprint close to  zero‘, it comes with a higher
burden—unless renewable energy is used for the
processes necessary (Carbon Trust 2006). But, on
the other hand, we have the market demand. Whether
it is real or just perceived or just desired seems not
so important. There is enough momentum for
numerous international, national and sectoral
initiatives underway to deal with CFP:   ISO started
developing an international standard ISO 14067 on
Carbon Footprint of Products (Part 1: Quantification,
Part 2: Communication) and there is already a
proposal for a standard on Carbon Footprint of
Organisations.

The World Business Council for Sustainable
Development (WBCSD) and the World Resources
Institute (WRI) develop two standards under their
Greenhouse Gas Protocol Product/Supply Chain
Initiative: A Product Life Cycle Accounting and
Reporting Standard and a Corporate Accounting and
Reporting Standard: Guidelines for Value Chain
(Scope 3) Accounting and Reporting.

The UNEP/SETAC Life Cycle Initiative
launched a project group on carbon foot printing.
The British Standards Institution published a
Publicly Available Specification (PAS) to specify
requirements for assessing the life cycle greenhouse
gas emissions (GHG) of goods and services. The
development of this PAS was co-sponsored by the
Carbon Trust and the Department for Environment,
Food and Rural Affairs (PAS 2050 2013).

The Japanese Ministry of Economy, Trade and
Industry (METI) launched a carbon footprint trial
project and a Technical Specification ¯General
principles for the assessment and labelling of Carbon
Footprint of Products  will be issued shortly.

All these initiatives try to serve an increasing
market demand for  climate relevant‘ information
along supply chains and towards consumers. From
an application and communication side, there are
numerous questions and issues to deal with.
However, whether a certain number of CO2
equivalents on the packaging of a food product make
sense or not, whether the term  footprint‘ has any
meaning or not or why it is a footprint and not a
fingerprint—all these questions are outside the scope
of this journal. But the potential communication to
consumers raises many issues with regard to
quantification as well.

SCIENTIFIC RELEVANCE AND CHALLENGES:
Digging a bit deeper into contents, there are

several interesting aspects of carbon foot printing—
some of them even very scientific in nature. Some
core questions and challenges that were raised in
the recent meeting of the ISO Working Group dealing
with the standardisation of the quantification
included the following issues:

Scope of emissions Shall all GHGs specified by
IPCC 2007 or only the six GHG gases of Kyoto
Protocol be considered?

Life cycle stages While a general understanding
is that CFP should relate to the life cycle using
process-based data, the inclusion of the use phase
might be controversial between business-to-business
and business-to-consumer perspectives. If included,
how can use phase profiles be defined in a
meaningful way?

System boundaries How to specify cut-off
criteria? Materiality threshold or GHG threshold?
How to deal with employees transport? Time
boundaries can be challenging as well, especially
for agricultural products.

Offsetting Shall offsetting be included in the
calculation or not? Is the use of renewable energy a
type of offsetting or not?

Data Even though there was broad agreement to
use process-based data linked to technical processes,
not data linked to money flows, there are still
fundamental issues: Which data sources? Share of
primary activity data and secondary data? Are any
operational data quality requirements possible?

Allocation Is there any progress or further
specification possible compared to the existing ISO
14040 procedures? For system expansion, how can
the identification of an avoided product system be
qualified?

End-of-life How to define end-of-life scenarios?
Recycled content approach on the product level or
average recycled content on the material level?

Carbon storage How to deal with carbon storage,
carbon capture, carbon sequestration?

Land use change Shall emissions arising from
direct land use change be included or not? Shall
changes in soil carbon (source or sink) be included
or not?
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Capital goods How to deal with capital goods?
Renewable electricity and electricity mix Shall

the grid-average carbon intensity be used and, if so,
what is the grid? Shall renewable energy be treated
as part of the grid or shall

there be specific benefits if it is used in a specific
supply chain?

Looking at this non-exclusive list of
methodological issues reveals a very valuable aspect
of the carbon footprint discussions and
standardization activities: the sobering recognition
of very down-to-earth, basic scientific challenges for
our community which has been getting a bit out of
sight over the years. While most scientific attention
was recently focused on pushing impact assessment
further, by e.g. finding ways to calculate how many
years of life I may lose— depending on someone‘s
assumptions on my quality of life—based on a
certain amount of emissions at ONE virtual point of
time and ONE virtual place, we now face the
challenge that calculating a meaningful inventory
result is not really solved—even for the probably
easiest class of substances like greenhouse gases.

The idea of a carbon footprint as an indicator of
the effects of energy use was developed in the 1990s
by Wackernagel and Rees (1996) through their
Ecological Footprint Analysis (EFA)

which estimates the amount of land required to
provide the equivalent energy. Its main purpose was
to demonstrate the environmental impact of an action
in a non-monetary form (Wackernagel and Rees,
1996). The purpose of this research is to develop an
understanding of what is meant by a carbon footprint
assessment of a materials recycling facility (MRF).
It aims to set out a method for assessing and
evaluating a total footprint with transparent
boundaries.

This includes not merely the energy used by a
MRF, but also its broader footprint incorporating
elements of both construction of the facility and its
operation. To critically review the footprint
effectively entails establishing the function and
purpose of a MRF. A MRF essentially sorts waste
materials into waste streams that can be re-used or
recycled thus avoiding the emissions of CO2 related
to the processes used to convert source materials
into usable materials, for example, iron ore into steel.
In addition, it is necessary to follow the waste

hierarchy, ie the reduction of material sent to landfill.
Meeting landfill requirements is linked to avoiding
CO2 but is also linked to avoiding landfill emissions.
The construction/building of the MRF which
concerns the efficient use of energy by the building
and the level of embedded CO2 in the materials used
in the construction is another aspect that requires
consideration.

So to analyses the footprint of a MRF is more
than just an assessment of the direct energy used: it
is the combination of several aspects. A MRF does
not operate in isolation. It is an element in a chain; a
part of a waste life cycle from kerbside (gate) to
disposal (grave). It is also a contributor to
greenhouse gas GHG emissions. These together are
the carbon footprint of the MRF. The MRF is part
of the wider life cycle of waste management strategy.
The combination of the contributions is a more
complete and effective measure of the MRFs
footprint. This research will attempt to measure each
of the CO2 contributions and so assess the overall
CO2 contribution of a MRF against a baseline of
the recycled and re-used waste being sent directly
to landfill instead of to the re-processors.

CLIMATE CHANGE

“Climate change refers to a change of climate
which is attributed directly or indirectly to human
activity that alters the composition of the global
atmosphere and which is in addition to natural
climate variability observed over comparable time
periods.”39

Fig. 1. Global CO2 emissions from fossil fuel burning and cement
over the long-term40
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CO2 is released from the burning of fossil fuels
such as gas, oil and carbon. The amount of CO2
released is strictly related to the amount of fossil
fuel that has been combusted and cannot be
destroyed in any way.1 Fig. 1 illustrates the change
in the amount of CO2 that has been released into the
atmosphere from the pre-industrial age until today.
Currently, atmospheric levels of CO2 are rising by
over ten percent every 20 years. The result of this is
known as the enhanced greenhouse effect which is a
warming of the earth‘s surface and lower
atmosphere.

CO2 is responsible for over 60 percent of the
enhanced greenhouse effect.2

The natural greenhouse effect on the other hand
is a prerequisite for life on earth. Without it, the
temperature would be 35°C colder at the earth‘s
surface. The most common greenhouse gases (GHG)
are CO2 and water vapour. They prevent some of
the infrared radiation from the earth from leaving
the atmosphere, which results in a warmer climate.
The phenomenon can best be explained with Fig.
above.

Fig. 2. The greenhouse effect3

Although the greenhouse effect is a natural
phenomenon, it is now due to the increased emissions
starting to become a threat to the planet. So far it
has resulted in an increase of 0.8°C in the average
temperature of the earth since the end of the 19th
century. The rise in temperature has more effects
than the melting of ices, which cause a rise in sea
level. Higher temperatures are also expected to
expand the range of some dangerous vector-borne
diseases, such as malaria, cause extinction of many

endangered species and bring about disruptions in
food supply etc.

In addition, a rise in temperature will be
accompanied by changes in climate concerning cloud
cover, precipitation, wind patterns and the duration
of seasons. Several long-term changes in the climate
have been observed including extreme weather such
as droughts, heavy precipitation, heat waves and the
increased intensity of tropical cyclones. The link
between the increased amount of GHG in the
atmosphere and the climate change as well as the
effects of climate change, are illustrated in Fig.
below.

Fig. 3. The link between climate change and greenhouse gases4

External factors:  Actions towards preventing
further climate change can be taken either in the
micro environment by companies, or in the macro
environment by governments and

legislative authorities. Influence can also come
from other stakeholders as shown in Fig. below.

The roles of governments as regulator, facilitator
and buyer give them resources to help preserve the
environment.51 They can influence the companies‘
and the consumers‘ actions in a number of ways.
Monetary in terms of taxes and subsidies, regulatory
such as making some standards mandatory or
regulating the maximum emission levels and finally
communication policies, making the consumers
more aware of the consequences of their choices.
With the right mix of policies, these can work as
incentives for companies to invest in new technology.
The emission trading system is one example of a
policy that is regulatory as well as monetary. The
aim with such system is to reduce the emissions in
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the most cost effective way. An actor that needs to
pay a significant amount of money in order to reduce
the emissions can instead purchase carbon credits
from another actor who can reduce the emissions to
a lower cost.

An actor that does not need all the carbon credits
can sell them to another actor. As the number of
carbon credits is limited and the total number of
carbon credits assigned will decrease, the system will
lead to a reduction of the total emissions.

Activities on a micro level are not only made as
response to governmental actions. For businesses
that early adopt preventative actions it can help
generate marketing advantages due to the increasing
demand for ̄ green  products in the marketplace.

Network model: A basic IP network, as used by
Internet Service Providers (ISPs), can be logically
split into three main layers – the access network, the
metropolitan and edge network and the network core,
as shown in Fig. 4. In this section, we outline the
technologies commonly used in higher capacity IP-
based networks and develop a model for energy
consumption of the network. We model each of the
access technologies using specifications of
representative commercial equipment, together with
corresponding metropolitan and core network
components to estimate the energy consumed by the
entire network.

Fig. 4 Schematic of network structure showing the core, metro and access networks.

Our calculations include the energy required to
maintain redundant routers and fibre links for
availability, but do not include the energy
consumption of data centres or home networks. We
have deliberately modeled a minimalist network,
assuming a national-scale operator delivering a
service, and have not included the inter-network
gateways used when multiple service providers share
network facilities. In addition, it must be noted that
any future network will need to incorporate a large
amount of legacy network equipment, such as IP over
ATM over SDH over WDM. Such overlays in legacy
networks often result in large inefficiencies because
of the need for electronic processing to interface
between the network layers. This paper therefore
provides a conservative (i.e. under) estimate on the
energy consumption of the Internet. To calculate

cooling requirements, we assume that for every watt
of power consumed in metro and core networks,
another watt of power is required for cooling
(Koomey et al. 2004).

Access network: The access network connects
each home to one of the edge nodes in the provider’s
network. There are several different technologies in
use today, and new technologies are being developed
(Chanclou et al. 2006). We consider three
technologies: asynchronous digital subscriber line
(ADSL), passive shared optical networks (PON) and
fibre-to-the-node (FTTN). Shown in Fig. 5 are the
three access technologies that connect homes, which
are on the right, to the Ethernet switch in the edge
node, which is shown on the left. Access technologies
differ in the means by which each home is connected
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to the edge node. In the following we describe the
access technologies, and the equipment they use, in
greater detail.

Fig. 5 PON, FTTN and ADSL access networks.

The most common technology in use today is
ADSL, shown at the bottom of Fig. 2. In ADSL,
copper pairs, originally installed to deliver a fixed-
line telephone service, are used to also deliver a
broadband service (Chanclou et al. 2006). The
telephone service, which uses the bandwidth below
3.4 kHz, is left in place and the higher frequency
bandwidth is used for high-speed broadband
services. A modem in each home connects to a digital
subscriber line access multiplexer (DSLAM) at the
local exchange.

Copper pair-based access technologies, such as
ADSL, are limited by usable bandwidth and reach,
so many ISPs have begun installing fibre-based
technologies. Fibre to the premises installation most
commonly takes the form of a passive shared optical
network (PON), which is shown at the top of Fig. 2.
In a PON, a single fibre from the network node feeds

one or more clusters of subscribers through a passive
splitter  (Chanclou et al.  2006). An access
concentrator or Optical Line Terminal (OLT) is
located at the local exchange, and serves a number
of access modems or Optical Network Units (ONUs)
located at each of the subscribers’ premises. Each
subscriber ONU in a cluster connects via a fibre to
the splitter, and from there shares the same fibre
connection to the OLT. ONUs communicate with the
OLT in a time multiplexed order, with the OLT
assigning time units to each ONU based on its
relative demand.

In areas where subscribers are already served by
good-quality copper pairs, a hybrid fibre-to-the-node
(FTTN) technology may be used (Chanclou et al.
2006), shown in Fig. 2. Dedicated fibre is provided
from a network switch to a street cabinet close to a
cluster of subscribers, and high-speed copper pair
cable technologies used for the final feed to the
subscriber premises (Chanclou et al. 2006). A
common copper-based access technology used with
FTTN is very high speed digital subscriber line
(VDSL). The street cabinet houses a VDSL DSLAM,
which connects to the VDSL modem at each
subscriber premises. The street cabinet also houses
one or more ONUs which connect via fibre to the
OLT at the local exchange.

On the network side, each of the access
technologies connects to the metro network through
an Ethernet switch. Table 1 lists equipment used in
our model for each of the access technologies as
well as the power consumption and capacity of the
equipment

Table 1 Equipment used in access network models (Baliga et al. 2013a).
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we note that this does not predetermine the results,
as the important parameter is the per-subscriber
capacity in the network. The oversubscription level
simply translates the capacity an ISP installs to the
access rate it sells to subscribers.

Metro and edge networks: The metro network
aggregates/concentrates the highly fluctuating traffic
from the end subscribers and serves as the interface
between the access network and the core network.
Typically within this part of the network, specialised
routers control access to different services within
the network, control access rates, provide
authentication and security services, and compile
statistics for billing. Edge routers or switches
concentrate traffic from a large number of access
nodes, and may home to more than one core router
to improve network availability. Fig. 6 illustrates key
elements of the metro, edge and core networks used
in our model. On the left side of Fig. 3(a) are the
routers and switches used in the metro and edge
networks. Table 2 lists equipment used in the metro
and edge networks as well as the power consumption
and capacity of the equipment. In the following we
describe the equipment used in greater detail.

Oversubscription: In general, the transmission
and routing capacity provided upstream of the access
network is significantly smaller than the product of
the number of subscribers and their maximum access
rates. Much Internet and data traffic is of a bursty
nature, with subscribers loading a web page or block
of data via the network, and then generating no
further traffic for a period of time whilst reading or
processing this data. Network operators take
advantage of this high peak-to-average traffic ratio
and share capacity among subscribers through

oversubscription. However, as IP networks are
increasingly used for large file transfers and for
streaming services such as IP video, conferencing,
and IP telephony, the traffic demand is both much
greater and relatively more constant. This means
there is significantly less scope to employ
oversubscription.

In our model we use an oversubscription level
of 10. For an access rate of 512 Kbit/s per subscriber,
an oversubscription level of 10 corresponds to 51.2
Kbit/s of capacity per subscriber in the metro, edge
and core networks. We define the access rate as the
access rate advertised/sold to the subscriber.
Although we set the oversubscription level to 10,

Fig. 6 Metro, Edge and Core networks.

In our model, the aggregation is performed by a
Cisco Catalyst 6513 switch, which is a large Ethernet
switch. A Cisco Catalyst 6513 switch has 384 Gigabit
Ethernet ports, a switching capacity of 720 Gbit/s
and consumes 3.21 kW. The Ethernet switches uplink

to Border Network Gateway (BNG) routers. The
BNG routers perform authentication and access
control and we use the Cisco 10008 router as our
BNG router. The Cisco 10008 gateway router
consumes 1.1 kW and has a full-duplex capacity to
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support 8 Gbit/s. Finally, a provider edge router
connects to the network core. Provider edge routers
groom and encapsulate the IP packets into a SONET/
SDH format for transmission to the network core.
As we are modeling a high growth and high capacity
scenario, we use the large Cisco 12816 as a provider
edge router. This device is typical of large routers
available from other manufacturers. A Cisco 12816
router consumes 4.21 kW and in the configuration
used in our model has a full-duplex capacity of 160
Gbit/s. In our model the provider edge routers
connect to the core routers by 10 Gbit/s PoS or SDH
links. It is possible that in some situations the
provider edge routers interconnect directly.
However, in our model we assume that all routing is
handled by the core routers.

Core network: The core network usually
comprises a small number of large interconnected
routers located in each major city. An example is
the Cisco CRS-1 core router. The Cisco CRS-1 is
shown on the right side of Fig. 3. These core routers
perform all the necessary routing (packet switching)
and also serve as the gateway to neighbouring core
nodes. High capacity Wavelength Division
Multiplexed (WDM) fibre links interconnect these
routers and connect to networks of other operators.
Typically these WDM links comprise 10 Gbit/s
Packet over SONET (PoS), SDH, or 10 Gbit/s
Ethernet. For long-haul links many use 40 Gbit/s
PoS or SDH. In our model we assume core routers
are interconnected by 40 Gbit/s PoS or SDH links.
A single-rack Cisco CRS-1 core router consumes

approximately 10.9 kW and has a full-duplex
switching capacity of 640 Gbit/s. In today’s Internet,
packets traverse an average of 12 to 14 routers
between source and destination (Mieghem 2006).
Most Internet traffic is from the subscriber premises
to a web server, which is often within a few hops of
the network core. In our model, subscriber traffic
must traverse three routers to reach the network core
so we assume an average of 10 core routers, giving
us an average of 13 routers in total.

WAVELENGTH DIVISION MULTIPLEXED SYSTEMS:
The optical data output from the edge and core

routers can only be transmitted relatively short
distances and are generally not suitable for
wavelength-division multiplexing into a single fibre.
For this reason wavelength division multiplexed
(WDM) transport systems are required for the long-
range communications between the edge and core
routers as well as between core routers.

In our model we assume the edge routers are
within 200 km of the core node. The WDM terminal
systems connecting the edge nodes to the core node
consume 811 W for every 176 channels. If the
distance between the two terminal systems is greater
than 100 km an intermediate line amplifier (ILA) is
required and consumes 622 W for every 176
channels. In this model the core nodes are assumed
to be an average of 1,500 km apart and so 14 ILAs
and 2 terminal systems are required for every 176
channels.

Table 2 Equipment used in models of metro, edge and core networks (Baliga et al. 2013b).
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Carbon emissions from electricity and travel:
In this section we summarise the carbon

emissions resulting from electricity consumption, car
travel and air travel. In this paper, the term ̄ carbon
emissions  refers to carbon equivalent (CO2-e)
emissions. Carbon equivalent emissions include CO2
emissions as well as the global warming effect of
other gases released, such as CH4 and N2O
(Department of Climate Change 2013).

Electricity: In recent years there has been a
major push toward the production of electricity from
renewable energy sources. However, in the medium
term future, the majority of electricity in India will
continue to be generated using brown and black coal,
which produces a high level of carbon emissions
(Energy Supply Association of India2013;
Department of Climate Change 2013). The rate of
carbon emission per kWh varies across the Indian
states because of the different fuels used, and ranges
from 1.31 kg CO2-e/kWh in Victoria to 0.98 kg
CO2-e/kWh in Western Indiaand Queensland
(Department of Climate Change 2013). In this paper,
we assume an emission rate of 1.08 kg CO2-e/kWh,
which is very close to the Fig. for New South Wales.

Car travel: The efficiency of the combustion
engines in cars has improved significantly over the
past decade. In addition, low emission hybrid, and
all-electric cars are becoming popular, with
hydrogen-powered vehicles projected for the future.
However, in the medium term future the
overwhelming majority of passenger vehicles used
in India will be petrol-based cars (Indian Bureau of
Statistics 2007)

The average rate of fuel consumption of a petrol-
based passenger vehicle is 0.112 L/km (11.2 litres
per 100 km) (Indian Bureau of Statistics 2007). A
petrol-based car produces 2.5 kg CO2-e per litre of
fuel consumed (Department of Climate Change
2013). Combining the average rate of fuel
consumption and the carbon emission rate per litre
of petrol consumed, the rate of emission per
kilometre is 0.28 kg CO2-e/km.

Air travel: Air travel is believed to be a major
source of carbon emissions (Penner et al. 1999). In
India, the emission rate of domestic air travel is 0.183
kg CO2-e/km (Wilkenfeld et al. 2002). In addition,
the emissions from aircraft occur in the upper
atmosphere and so the effect on global warming is

believed to be 2.2 to 3.4 times greater than carbon
emissions from other human activity (Penner et al.
1999). To account for the increased greenhouse
effect of carbon emissions at high altitude we include
a factor of 2.8 (half way between 2.2 and 3.4) and
assume the emission rate is 0.512 kg CO2-e/km.
Carbon emissions of the Internet:

In this section we estimate the carbon emissions
of the Internet with ADSL in the access network and
then with FTTN or PON in the access network.
Energy consumption of the Internet:

Fig. 7 is a plot of the electricity consumed per
year by an Internet subscriber against the access rate
provided to the subscriber. Included in the plot are
the energy consumption of the access, metro, edge
and core networks and the total energy consumption
of the network. On the right vertical axis are the CO2
emissions (CO2-e) per year. We have assumed an
oversubscription rate of 10, which corresponds to
10% of subscribers simultaneously using the Internet
at full capacity. The current capacity of the Internet
corresponds to an access rate of 0.5 Mbit/s. If used
for video conferencing this would only provide low
quality video. For video conferencing with standard
definition (SD) quality, the access rate would need
to be increased to 2 Mbit/s. At an access rate of 0.5
Mbit/s the network consumes 75 kWh of electricity
per year per subscriber and results in 81 kg of CO2-
e. If the access rate were to be increased to 2 Mbit/
s, the network would consume 80 kWh of electricity
per year per subscriber and result in 86.4 kg CO2-e.
This increase from 75 kWh to 80 kWh is quite
modest because the per-subscriber energy
consumption of the network at low access rates is
dominated by the energy consumed in the access
network, in particular the subscriber‘s access
modem. The energy consumption of this modem is
almost independent of access rate. The small increase
in energy consumption arises from the increased
transmission and switching capacity required in the
metro, edge and core networks. Thus as a
consequence of upgrading network capacities to
deliver SD quality video conferencing to each
subscriber, the carbon emissions of the Internet,
assuming ADSL in the access network, would
increase by 5.4 kg CO2-e per-subscriber or 6.7%.
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Fig. 7 Per household/subscriber electricity consumption and
CO2-e emissions of the network with ADSL in the access
network.

Energy consumption of access networks:
As shown in Fig. 7, energy consumption in the

network is dominated by the consumption in the
ADSL access portion of the network. Thus it is
appropriate to consider alternative broadband access
technologies on the basis of capacity and energy
consumption. The theoretical maximum attainable
access rate with ADSL2+ is 24 Mbit/s. However,
the theoretical maximum degrades with distance and
so the full access rate is attainable by only a small
percentage of the population. FTTN and PON access
networks are capable of delivering an access rate in
excess of 10 Mbit/s to all subscribers they serve.
Fig. 8 is a plot of the electricity consumed per year
against access rate with ADSL2+, FTTN/VDSL and
PON in the access network. On the right vertical
axis are the CO2 emissions (CO2-e) per year. We
have again assumed an oversubscription rate of 10.
At an access rate of 2 Mbit/s, a network with a PON
consumes 73.5 kWh of electricity and results in 79.4
kg CO2-e per year. For the same access rate, a

network with FTTN consumes 149 kWh of
electricity and results in 161 kg CO2-e per year.

Fig. 8 Per household/subscriber electricity consumption and
CO2-e emissions of the network with ADSL, FTTN or PON
in the access network.

For high definition (HD) video conferencing, an
access rate of 10 Mbit/s is required. To provide an
access rate of 10 Mbit/s, a network with FTTN would
consume 176 kWh of electricity and result in 190
kg CO2-e per year. In comparison, a network with
PON providing an access rate of 10 Mbit/s only
consumes 101 kWh of electricity and results in 109
kg CO2-e per year. Table 3 summaries the carbon
emissions of the Internet when ADSL, FTTN and
PON are used in the access network at current access
rates (0.5 Mbit/s) as well as access rates suitable for
video conferencing – 2 Mbit/s (SD) and 10 Mbit/s
(HD). Fig. 8 indicates that to provide HD video
conferencing using FTTN in the access network the
electricity consumption and carbon emissions would
need to increase by 135%. If PON was used in the
access network the electricity consumption and
carbon emissions would only need to increase by
35%.

Table 3 Carbon emissions per subscriber attributed to the Internet with ADSL, FTTN and PON when the access rate is 0.5 Mbit/s
(current), 2 Mbit/s (SD) and 10 Mbit/s (HD).
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Carbon emission savings from the Internet:
In this section we analyse the carbon emissions

savings that would arise from use of broadband
leading to reduced car and air travel. We analyse
SD (2 Mbit/s) as well as HD (10 Mbit/s) quality
video conferencing. In both cases we assume an
oversubscription rate of 10. If we consider SD quality
video conferencing, an oversubscription rate of 10
means that during the busiest period of the week, at
most 10% of subscribers are using video-
conferencing with SD quality. The remaining 90%
of subscribers are not using the network in any way,
including web surfing. Networks are dimensioned
to support the busiest period of the week/month.
Consequently, the actual number of hours video-
conferencing is performed is irrelevant. In addition,
with current technology, although at most times the
network is well below its capacity, the network
equipment remains fully operational and consumes
the same amount of power it would during the busiest
periods. It may seem disproportionate, for example,
to compare a 2% reduction in car travel and a
network capacity with support for 10% of homes
using video-conferencing. However, it should be
noted that 2% is an average value while 10% is a
peak value. For example, if 10% of people were to
telecommute on Fridays, this would only result in a
2% reduction in travel. If this 10% of people used
video-conferencing at the same time on any given
Friday the network would be at full capacity and
any additional traffic during this period would result
in degraded service for all users. Additional traffic
includes viewing web pages, downloading email,
music or video.

The emissions from broadband with each access
technology for SD and HD quality video
conferencing is given in Table 3. When calculating
savings, we sum the required increase in broadband
carbon emissions from the current level of 81 kg
CO2-e with the savings from reduced car and/or air
travel. We note that our results showed that FTTN
consumes more energy than ADSL while PON is
more efficient than ADSL. In particular, a network
with PON with a 2 Mbit/s access rate would consume
less power than is currently consumed by the network
with ADSL at an access rate of 500 Kbit/s. In the

following we analyse the savings that arise from
reduced car and air travel and compare them to
carbon emissions from broadband.
Carbon emissions savings through the Internet:

Car travel: In India there are 7.9 million homes
with 11.3 million cars (Pink 2013). This equates to
1.4 cars per home. In addition, the average passenger
vehicle travels 8100 km to and from work per year
(Indian Bureau of Statistics 2007). When comparing
the carbon emissions of broadband and car travel
(to and from work) we assume one broadband
connection per home and 11,340 km to and from
work per home per year. The carbon emission
savings calculated as a function of percentage
reduction in car travel to and from work. Fig. 9 is a
plot of CO2-e savings for percentage reductions in
car travel from 0% to 10% with each of the access
networks for SD and HD video conferencing. We
see that with ADSL and PON with SD quality video
conferencing even a reduction of 0.2% in car travel
results in CO2-e savings. However, with FTTN and
SD quality video, a 2.5% reduction in car travel is
required to start realising CO2-e savings. The CO2-
e savings are reduced when HD quality video is used
with both PON and FTTN. Nairn analysed the
environmental benefits of a 5% reduction in daily
commuting travel (Nairn 2007). If 5% of people were
to work from home using broadband, this would
result in an average of 567 km less travel per vehicle
and a carbon emissions reduction of 159 kg CO2-e.
Table 4 is a summary of the net saving from reduced
car travel for each of the access technologies. In all
cases, using the Internet to work from home does
indeed result in significant carbon emission
reductions. If the currently used ADSL network is
augmented to support SD video conferencing, the
carbon emission reduction would still be 153 kg.
With a FTTN access network, carbon emission
savings are well below 159 kg CO2-e. This indicates
that increased carbon emissions from the Internet
must be accounted for when estimating carbon
abatement. We note that using a PON in the access
network results in more than 159 kg CO2-e saving
and this arises because a PON consumes less energy
than ADSL.
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Fig. 9. CO2-e emission savings per household/subscriber for a
given percentage reduction in car travel with ADSL, PON
or FTTN in the access network, and SD or HD quality
video-conferencing.

Carbon emissions savings through the Internet:
Domestic air travel

In this section we analyse the carbon emissions
savings that would be realised if broadband resulted
in reduced domestic air travel alone. We do not
include the carbon emission savings from reduced
car travel calculated in the previous section. In 2006,
approximately 38.4 million domestic air trips were
taken annually, resulting in a total of 46.9 billion
kilometres travelled domestically via air (Pink 2013).
In India there are 7.9 million homes (Pink 2013) so
the number of air kilometres travelled per household
is approximately 5900 km. The carbon emission
savings arising from reduced air travel are calculated
as a function of percentage reduction in domestic
air travel per household. Fig. 10. is a plot of CO2-e
savings for percentage reductions in air travel from
0% to 10% with each of the access networks for SD
and HD video conferencing. ADSL and PON, with

SD quality video conferencing, require only a small
reduction of 0.2% in air travel to begin realising
CO2-e savings. If the access network is a FTTN
network a 2.6% reduction in air travel is required
before CO2-e savings are realised. The CO2-e
savings are lower when HD quality video is used
with both PON and FTTN.

Fig. 10. CO2-e emission savings per household/subscriber for a
given percentage reduction in domestic air travel with
ADSL, PON or FTTN in the access network and SD or
HD quality video-conferencing.

Carbon emissions savings: car and air travel
combined:

A modest reduction in car and/or air travel will
result in net CO2-e savings. Given costs of
construction for new cable installations, FTTN is
likely to be the most economically viable option for
upgrading Internet in existing urban areas, especially
when underground cabling is mandated (Chanclou
et al. 2006). On a per-year operational basis, a FTTN

Table 4 Summary of carbon emission savings for car travel per home.
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network is capable of producing net carbon
abatement if increased levels of telecommuting and
teleconferencing lead to a 1.3% or larger reduction
in car and air travel. Our results counter-intuitively
suggest that reducing car and air travel are equally
important. On a per kilometre basis carbon emissions
from air travel are double the emissions from car
travel, but the distance travelled to and from work
by car per household is double the distance travelled
using domestic aviation. Businesses should put equal
effort into encouraging telecommuting and
teleconferencing.

CONCLUSION:
We have tries to present a model to quantitatively

estimate carbon emissions of the Internet. Our
models have included the metro, edge and core
networks and in the access network we have
considered ADSL, PON and FTTN with VDSL. We
estimate that the Internet in India currently emits 81
Kg CO2-e per-year per-subscriber. Our results  have
confirmed that that significant carbon emission
savings can be achieved if broadband-enabled
services is made available to the users that will result
in reduced travel, in particular through increased
telecommuting and teleconferencing. However, we
have also tried to establish that the energy
consumption of the Internet will need to increase to
support the higher access rates required by video
conferencing. Our findings indicate that some access
technologies provide greater abatements than others.
We strongly believe that in future, more effort needs
to be made  to improve the energy efficiency of
network infrastructure in the Internet. This will
enable  the system in optimizing carbon abatement
as access rates increase.
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