Universiteit Leiden

Computer Science

Smart Grid: Combining RF mesh grid and public
carrier networks for last-mile communications

Name: B.J.C. van der Dirift
Student-no: s0522929

Date: 16/06/2011

Supervisor: Todor Stefanov

MASTER'S THESIS

Leiden Institute of Advanced Computer Science (LIACS)
Leiden University

Niels Bohrweg 1

2333 CA Leiden

The Netherlands



Smart Grid

Combining RF mesh grid and public carrier
networks for last-mile communications

Universiteit Leiden

Westiand ({10

B.J.C. van der Drift

Leiden Institute of Advanced Computer Science (LIACS)
Leiden University

Westland Infra




B.J.C. van der Drift

Smart Grid: Combining RF mesh grid and public carrier networks for last-mile communications

Table of contents

Table Of CONTENTS ....cuveiiieiiicieeeeee ettt s et sa s sens 1
1  Introduction and background Knowledge ...........cccccoeveiiniciiniiciciceceeeeeeee, 3
1.1  Introduction to SMATrt rid .......ccccooiiieiiiiiicieieceeecte et 3
1.2 Smart grid approaCh........ccccociiiiiiiiiceee e 4
1.3  Introduction to Smart Metering .........ccccocvevieiriiiriiieieeeeeeee e 5
1.4 Introduction to streetlight control..........ccccooooiniiiiiiiiiiieeeee 6
1.5  Thesis 0raniZation ........cc.cceviiiieiiiiiiieeieeie ettt et re e ssesveesnesreersennas 7

2 Problem definition and available sOIUtIONS ........ccccccvvveirieirieieicceeeeeeeeee 9
2.1 Problem definition ........cccoeoieiieiiieiicieceeee e 9
2.2 Available teChnOlOZIes. . .....cooiiuiiiiiieeeeeceeeee e 11
2.2.1  PoWer Line Carrier........cccicuivierieieieiieiieteeteseeseeiee et eve e s ese e s enas 12
2.2.2  Cable INTETNEL ....c.ocueeieeieiicieieeeee ettt 12
2.2.3  WIreless INTEINEt.....ccccoiviiiieieeeeeee e 13
2.2.4  Radio frequency mesh grid ........ccccccooioiiiiiiiiiiciciecceeeeeeee e 14

2.3 Related research.........coooiiiiiiiieec e 14
2.4  Research contribULIONS .......c.cceoviieiieieiiiieicciececceeeee e 16

3  Smart grid last-mile COMMUNICATIONS .......ccveevieiieriiriiiecreereee et ere e eenens 17
3.1 Introduction to the river system model.............cccoovveiiviiiiiveeiiciceeeeeeeeeeee. 17
3.2  Used technologies and motivation .........ccccoceeieieriiiiecieiiceee e 18
3.3 GatewWay deSCIIPTION ....cccviieieeeeeeectieetee et ettt ete e e e e e eereeereeeteeeaeeeneeeneeens 21
3.4  Smart metering SOIULION .......cccocieiiiiiiieie et 22
3.5 Streetlight control SOIULION .......c.ecovivviieiiiiceeeeee e 23
3.5.1 IDE and programiming ..........ccccceeieieveeireereenreereeeeereereeereeseereeeseeseeseereeseennes 24
3.5.2  BasiC OPEIrAtION .....covievieiiceiceieeie ettt ettt et 24
3.5.3  COMMUINICATION ...cuveiieiieiiiieiiieteeeee ettt eae e 25
3.5.4  Light Intensity plan.......cccccioiiiiiiiiieieceeeeeee e 25
3.5.5  AUtONOmMOUS OPETALION ....cccviicvieceieieieeeee ettt eee et ereeeree e eneeens 25
3.5.6  Current and voltage measurement..........c.ccooeeveeeereeceeereeeeereereeeeereereennes 26




B.J.C. van der Drift

4 a8 SEUAY ..o oviieiieeceecee ettt ettt ettt et ere s 27
4.1 SOFEWATE .ecvieieeiieeiieieeteeeee ettt ettt b et b ese s e s e s esa s e e esessesensens 27
.11 JOD ettt ettt b ens 27
4.1.2  SChEAUIET ..o 29
4.1.3 Gateways and MOAULES ..........cccooveviiiiiieciceeeeeeeeeeee e 30
4.1.4 Commands and SCIIPES......c.coveeiiiereireeeeereere ettt eere e eeeereereeaeereeaeeans 31
.15 SEALISTICS ceeuioieieieieie ettt 33
4.1.6  CRAllENEES ...eooviiiieeiee ettt et 33

TS N 5 0 <3 i ' 0 1<) 0 1 7= SRR 35
4.3 RESULIES ittt 38
A4 ANALYSIS oottt ettt ettt ettt et era s 42
4.5  Case study CONCIUSIONS .......coeivieieeiieticeeeteeeeete ettt ettt e ene s 44

B CONCIUSIONS ....uiiiiietiiee ettt ettt ettt b et e eae e ne 46
6 Future ReSearch ... 47
T ACKNOWIEAZEMENTS .....coviviieiiiiciieic ettt ettt ettt et sbe st eanens 49
8 RETEIEINCES ..o 50
Appendix A. R script and raw data files..........ccccevieiiiiiiiccie 54
PLOTTESULES. Te.ciicieeee ettt ettt s b b b e saeseeaeeaeenens 54
SLJPINAAT ittt aaereeaeeaeerens 58
SIN_JPINLAAT ettt ettt ettt ettt ettt te et e s e b e s e e saeseereeteerens 58

(o E= T} o) 1 4 0o £ | 2R 59
Appendix B, CH+ SOUILCE COUC ....ommiiiiiiiiiecee ettt ens 60
(o] R T<S o1 e o)« T 60
GATEWAY. L oot ae ettt 69
GATCWAY .CPP o nevvrrreeeeeeerariirerteeeeeeaaaauutrteeeeeesaassseeteesesssssassssasaeessssssassssaaeessssssssssssaseessssssssnssee 69
SCHEAUIET. N ...ttt erens 69
o] 8 L<Te RO 1) e) o) o U 71
SOCKEE Rttt ae et 83

N ToTe) (] ey o)« RO 85

Smart Grid: Combining RF mesh grid and public carrier networks for last-mile communications




B.J.C. van der Drift Smart Grid: Combining RF mesh grid and public carrier networks for last-mile communications

1. Introduction and background knowledge

1.1 Introduction to smart grid

Power grids have been run the same way for decades all around the world. Since the Alternating
Current camp won the War of Currents in the late 1880’s and all countries around the world
adopted the resulting electricity system, not much has changed about the way electricity is
delivered to the customers. Although technology throughout the grid has been added and
updated, many utilities still don’t know about outages until they receive a phone call from one
of their customers. This leads to a lower reliability of the power grid. An unreliable grid
damages the economy, as outages are extremely costly for many businesses. A healthy

electricity network is crucial for a healthy economy.

Other problems that have emerged are related to environmental issues such as global warming
and carbon emissions. These problems are a threat to mankind and need to be dealt with.
Governments and institutes around the world have set goals to counter these issues, but a lot of
work is still to be done to reach those goals. Another related problem is the depletion of fossil
fuels. Because of the enormous amount of fossil fuels we are using, we have been slowly
depleting the earth’s natural resources, and one day, this supply will come to an end. In order to
cope with this problem, we need to start using fossil fuels in a more responsible and
conservative way. We also need to be looking for alternative energy sources, such as solar and
wind power, to supply us with renewable energy that has no impact on the environment and
cannot be depleted. However, the use of these technologies poses some challenges, as these

sources are uncontrollable, variable and unpredictable.

By improving and optimizing the power grid, we can help countering these problems, and create
a smart gird. Smart grid is a term that covers many improvements and additions to the power
grid, which helps improving it by making it more reliable, energy and cost efficient,
environmentally friendly, monitorable and controllable. It encompasses technologies such as
smart metering, distributed generation, outage detection and peak load reduction. Using these
technologies, we can transform the traditional grid and create a smart grid that is ready to cope

with the challenges that the future will bring.
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One interesting and diverse problem, is how to communicate with devices at the end of the
electricity chain: the actual customers. For smart metering, utilities” data networks need to reach
all the way to the homes of their subscribers. Some experts even foresee utilities will be able to
control customers’ appliances such as air conditioners and heating systems, in order to spread
the load on the grid, and thus reducing the peak load. In this paper, we focus on these last-mile

communications to a great extent.

1.2 Smart grid approach

Smart grid is a concept that has no clear definition. Around the world, many governments,
utilities, regulatory bodies and businesses are involved in smart grid development. Each of these
stakeholders have their own approach to the smart grid concept in correspondence with their
policies and business models. Opinions differ about a variety of matters, such as what the main
focus of smart grid should be, which technologies are included in smart grid and which are not,
and how the smart grid should be constructed. In previous work, we have gone into these

difference of smart grid visions around the world in great detail. [1]

In this paper, our intent is to research smart grid communications from a general perspective,
holding value for a global public. Especially the technical realization of smart grid
communications is important for many smart grid stakeholders in many parts of the world. It is

also a core aspect, independent of higher-level, more conceptual aspects of the grid.

Although written from an independent, scientific perspective, it should be taken into account
that our research is performed in collaboration with Dutch utility Westland Infra. As a result,
their vision and interests are somewhat reflected in our research, meaning that we might go into
detail at points that are interesting to them, and discuss matters more superficially where this
interest does not exist. Additionally, some assumptions, restrictions, advantages and
disadvantages might not hold for other parties due to differences in regulations, funding or

environmental properties, for example.

Westland Infra is the utility of the Westland area, which is characterized by its greenhouses.
These enterprises typically consume a lot of power, which makes energy efficiency rewarding
for them. It also opens opportunities for the utility to optimize the electricity network. As a
result, Westland Infra has been using smart grid technologies since before the term was coined.
Asset management, demand response and smart metering have steadily advanced over the years,
and Westland Infra maintains a Wide Area Network that spreads throughout their service area,

and provides a robust network which connects many points in the grid.

4
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This situation explains our focus on last-mile communications, since this is the only link that
misses between the utility and residential customers and businesses that are not covered by the

network yet, or for which the connection could be improved.

1.3 Introduction to smart metering

One of the smart grid technologies that gets a lot of attention is smart metering. Smart metering
is the automated reading of electricity metering data without the physical intervention of a

person near the electricity meter.

The benefits of smart metering are numerous. First of all, there is no need for an employee of
the utility to physically interact with the electricity meter, which results in a cost reduction in
the long run. It’s also convenient for the occupants of homes where meters are located, because

there is no need to stay home to let the utility employee in.

Another advantage is that meter readings can be performed more frequently, and also billing can
be done monthly, instead of yearly. This gives consumers a better insight into their electricity
use, and can stimulate them to conserve more energy because they are more frequently
confronted with the amount of energy they use. This can even be taken further. Meter readings
could be performed daily, hourly or even every 5 minutes. This data can then be presented to the
consumer through an internet portal or on an in-home display. That way, consumers can see
how much energy they are consuming at any time. If they are trying to save energy, they can

also immediately see if it has effect, which can be very encouraging.

Smart metering also allows utilities to see when energy was consumed by the customers. This
can be used to vary the pricing of electricity based on the time of the day, such that electricity is
more costly during peak hours and less expensive during off-peak hours. We call this dynamic
pricing. This stimulates consumers to use energy demanding appliances during off-peak hours,
and not during peak-hours. As a result, less energy will be consumed during peak hours,
resulting in peak reduction. When peaks are lower, this means that the equipment throughout
the grid also require less capacity, which leads to cost reductions. Lower peaks also lead to less

strain on the electricity network, which expands its lifespan. [2]
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Smart metering also enables a better demand response. Demand response is reacting to changes
in electricity use to stabilize the power signal and be able to supply the capacity that is
demanded. When metering data can be retrieved in near real time, this gives information about
how much energy is being consumed in the grid, and the supply can be adapted to exactly match

that demand.

Smart metering also enables a reliable method of outage detection. When a building is not
receiving any power, smart meters will immediately be aware of that and can report to the
utility. This gives the utility an immediate indication where outages are occurring and which
buildings are affected by the outage. They can use this data to determine where the outage is

caused and quickly respond to fix the malfunction.

Lastly, smart metering is an important technology to stimulate the use of Distributed Energy
Generation (DEG). DEG is the generation of energy at the place where the energy is used. The
energy can be generated by solar cells or wind turbines, but DEG by fossil fuels is also more
energy efficient than traditional generation and distribution. [3] Renewable energy can be used
for DEG in a domestic situation as well, especially solar power. However, because of the
variability of solar power, at certain times more power is generated that necessary, while at
other times not enough energy can be generated by the solar cells. Although storing energy in
batteries can be a partial solution, a lot of energy can still be lost, reducing the financial
attractiveness of solar panels. Traditional power meters do not have the capability to register
energy flowing back into the grid. Smart meters would allow residents to sell redundant energy

back to the utility, which makes investing in solar panels a lot more attractive.

1.4 Introduction to streetlight control

Streetlights are important instruments to keep traffic safe and give people a feeling of safety in
their neighbourhoods. They have been used since the old Roman and Greek civilizations, and
cities without streetlights have become unimaginable. However, these lights do require a lot of
power to burn every night, and they can also cause light pollution in certain areas, and the
amount of light that needs to be generated by streetlights is often only required during rush

hours.
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As a solution to these problems, streetlights can be altered so that they vary their light intensity
over time. This allows them to run on full capacity during rush hours, and save energy and
reduce light pollution in the middle of the night. It is possible to equip streetlights with light
sensors or timing mechanisms to determine how much illumination is needed at a certain time.
However, due to the changing lengths of night and day over the year, the times and intensities
may also change throughout the year. There can also be certain situations and events for which
different requirements apply, such as festivals or calamities, which require more control over

the streetlights’ light intensities.

In order to realize this level of control, reliable communications with each lamppost will be
required. But streetlights can be located throughout a large area and in different environments.
Length of the lampposts, the distance between them and obstacles can all have an influence on

the communications that are best suited to control the streetlights.

1.5 Thesis organization

After the introduction to smart grid and some of its technologies in this chapter, we will
continue to formulate some problems that are encountered when realizing smart grid
communications in chapter 2. In this chapter, we also examine related research that has been

done on the subjects we discuss in this paper.

In chapter 3, we will discuss the system we developed to solve the problems introduced in

chapter 2. We give a description of all the different components of the network and its topology.

Then we will describe a case study we performed to examine the capabilities of our network in
chapter 4. We will explain the experiments we have performed, present and analyse the results,

and then conclude what these results imply.

In chapter 5, we will conclude how well suited our system is for smart grid communications,

reflecting back to the requirements we set in the beginning.

We will then continue with discussing possible future research that could be performed to

expand upon our research in chapter 6.

After this, we include two appendices. Appendix A contains the script which we used to
generate the graphs we use to present the results of our case study, as well as the raw result data

files that are used to generate the graphs.
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Appendix B contains all the source code of the program we developed to perform the

experiments. This is a C++ program and consists of several header and implementation files.
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2. Problem definition and available solutions

2.1 Problem definition

The European Union has set goals to counter environmental issues through smart grid
technology. One of these goals is to equip 80% of all European households with smart meters.
[4] This forces utilities to start rolling out smart meters in large numbers. However, retrieving
metering information from these meters is a complicated process which has no clear best
practice. One can think of many ways that theoretically enable communications with smart
meters, from cable internet to wireless GSM communications. However, all these approaches
have their advantages and disadvantages, and there isn’t much public knowledge about the best

way to realize smart metering communications.

Many utilities have rolled out smart meters with different communication technologies, but
information about their costs and success are very hard to find, since these companies usually
do not wish to share any of their knowledge with others. This became very clear when we
contacted some utilities around the world that are known to be smart grid innovators and tried to
obtain some information about the way they constructed their smart metering communications
infrastructure. None of them provided us with any useful information whatsoever. However, we
learned through informal channels about utilities that had rolled out smart grid technology, but
were having problems with reliability and regulations that did not allow them to get maximum
results. Official statements also make it clear that realizing a reliable smart grid network can

lead to many problems and high costs. [5][6]
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Another problem is the combination of various smart grid technologies over the same network.
Most existing knowledge about smart grid communications deal with only one type of
application communicating over the network, which makes it possible to create a network
around the specific needs of that particular application. However, it is problematic to deploy a
new network for every single smart grid application. If we are rolling out smart meters and a
streetlight control system, and supply them both with a separate network, we will have double
work and double costs. We should also expect more smart grid applications to be added in the
future. It is not possible to supply every single smart grid technology with its own network,
since this would create an enormous amount of management and maintenance. For this reason, a
standardized and transparent approach must be taken. We must find a solution that allows
different applications to use a similar infrastructure and use the available technologies in an

appropriate way.

These are the major requirements that a smart grid communications network needs to fulfil:

- Reliability: Failure to communicate is devastating for smart grid applications, since the
entire smart grid concept is based on reaction to changes elsewhere in the grid. Without
successful communication between different parts of the grid, smart grid applications
will fail to do what they are designed for. For some applications, such as demand
response, forecasting models can be used to substitute live data and react according to
these predictions in case of a failure. However, the advantage of smart grid over
traditional operation is lost in these situations.

- Latency and datarate: Multiple smart grid applications can together generate a lot of
data that is to be sent elsewhere in the grid. In order to allow swift delivery of this
information, the communications infrastructure needs to provide enough bandwidth and
throughput for these communications. Since smart grid is all about reaction to changes
elsewhere in the grid, a low latency can also be an important requirement. In the smart
grid design, future expansions and additions of new smart grid functionality should also
be estimated and taken into account.

- Security: With new applications sending data all over the grid, cyber security is an
important factor in smart grid designs. With smart metering, personal information about
customers’ energy use is being sent over the network, which has given cause to privacy
concerns. Groups or individuals with malicious intent also pose a threat to the grid, as

hackers could take down (part of) the grid if security not be tight.

10
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- Adaptability and upgradability: No matter how good a network you’ve created,
circumstances can always change. New applications may be added to the grid, resulting
in higher or different requirements, such as a larger bandwidth or better range. Once in
place, it is important that changes can be made to the communications infrastructure to
keep it up to date and well-fitted for the grid. Utilities are not necessarily responsible for
this themselves. Utilizing a public carrier service will most likely guarantee new
upgrades and an up-to-date network. Private networks require utilities to do this
themselves, but do give them control over the specific upgrades that are done.

- Flexibility: Circumstances can differ greatly within the service area of a utility. Some
areas might be densely populated, whereas other areas are more rural in nature. High-
rise blocks can require different communications than regular houses. A certain degree
of flexibility is required to be able to provide communications in all these
circumstances. The use of multiple technologies that can be combined and switched out

is probably required.

Some utilities already maintain a large Wide Area Network (WAN), which spreads throughout
their service area to connect stations and other facilities to each other. [7] This is mostly
implemented through copper wire and optic fibre cables, which provide reliable
communications and a high datarate. In this case, the challenge is to connect the
communications infrastructure all the way to the end-point smart grid devices, such as smart
meters, which are located at homes and businesses. In the next section we discuss various

options to realize these last-mile smart grid communications.

2.2 Available technologies

Many existing technologies could be used for smart grid communications. All of these have
some advantages and disadvantages. In this section, we will discuss the most appealing
technologies and why none of them is the holy grail which can individually provide us with the

communications requirements we need.

1
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2.2.1 Power Line Carrier

Power Line Carrier (PLC) is a technique that many utilities are already familiar with. PLC is
being used by utilities for a variety of purposes such as switching public lighting on and off.
Utilities own the power cables, and they lead to all homes and businesses, as well as to
substations and other control buildings where smart grid technologies could be deployed. This
theoretically makes PLC an ideal candidate for smart grid communications. Many utilities

already use PLC as part of their smart metering infrastructure. [8][9]

However, the reliability of PLC communications is not without question. Especially interference
issues give rise to doubts among utilities about the feasibility of reliable PLC communications.
[10][11][12][13] Another large disadvantage of PLC is the fact that communication fails during
outages and electrically abnormal events, and it’s exactly those situations in which the smart

grid could provide a means to quickly diagnose and solve the problem. [14]

2.2.2 Cable internet

Internet Protocol based technologies have proved to enable a reliable network that can handle a
high datarate. Extending a utility’s existing WAN and directly connecting smart meters to this
network would be ideal. However, placing cables leading to all residents and businesses can be
very expensive. Even though the costs of cables have reduced over the years, they would still
have to be placed, leading to every meter in the grid. [15][16] Also, the provided bandwidth
would be overkill for simple communications such as smart metering. For these reasons, this
option is not relevant to most utilities. Some utilities have laid optic fibre cables to homes, and
justify the costs by also offering data, video and voice communications over these lines. [17][18]
However, not all utilities are in a position to do so, mostly because of the separation of internet

and electricity providers in many countries.

In this case, another option is to use the internet, to which virtually all businesses and residences
have a connection already. Equipping smart grid devices with internet modems and connecting
them to the internet would allow broadband communications without large infrastructural
investments. However, sending smart grid information over the internet would pose some
security threats, which could raise concerns from users who fear for their privacy. Internet
subscription costs could also be considerable, and more than utilities want to spend on smart
grid communications. Furthermore, the internet service provider as an additional stakeholder
would make the situation more complex, and requires negotiation about who pays which portion

of the connection costs, which can be quite hard to determine.

12
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2.2.3 Wireless internet

As an alternative to cable internet, utilities can opt for a wireless internet solution. Since cables
do not need to be laid, this saves a lot of initial costs, and can speed up the roll-out of smart
meters and other equipment. The main choice for utilities when going for wireless
communications, is between deploying a self-owned and maintained wireless network, or using

the services of a public carrier. [19]

Many reasons exist why utilities would choose public carriers over a private network, such as
good coverage and bandwidth, and no added responsibility to maintain the network. Carrier
prices for data connections have dropped recent years, which makes this option more and more

appealing. [20][21]

The reasons to choose a private network are plenty as well. Deploying a self-maintained
network places all control in the hands of the utility. It can decide what type of network to use,
where coverage needs to be realized, and when to upgrade their network, whereas a utility using
a public carrier network heavily depends on the carrier for maintenance and upgrades. Another
reason is that public carriers may provide far more bandwidth than needed for certain
technologies such as smart metering, depending on what data the utility wants to receive, or
how often to receive it. The maintenance costs for private networks might also be lower than the

subscription costs to public networks. [21][22]

Another disadvantage of public networks, is the limitation of the amount of connections per
base station. As a result, the combined datarate of all the connections will be much less than the
sum of the achievable datarates by the single connections. To solve this problem,
communications could be scheduled by turn, limiting the amount of connections at each
moment. This means additional functionality is required to determine which connection should
be switched. It also limits the ability to quickly react to important, unpredicted events, since an

end-node would have to wait for its turn to be able to send urgent information.

There is a great variety of wireless internet solutions that can be chosen from. Choosing a public
carrier to supply the service will most likely lead to GPRS or UMTS communications. When a
large bandwidth is required, WiMAX is a 4G technology that could provide this. When thinking
about private wireless internet, Wi-Fi is the first thing that comes to mind. However, this
technology is mostly restricted to local networks. If a larger range is required, this leads us to

wireless mesh grids.

13
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2.2.4 Radio frequency mesh grid

Radio frequency (RF) mesh grids can provide a flexible, reliable and secure network that can
span a considerably large area. This is achieved by hopping, which means that a message is
passed down by multiple nodes until it reaches its destination. Once in place, operation is
relatively cheap. The network is self-forming and self-healing, so if one node stops functioning,
the rest of the network is not damaged. RF mesh technology can operate at a number of different
frequencies, which results in a variable reach and datarate. This means that utilities can choose

which frequency they use according to their needs.

In North-America, RF mesh is the most popular technology for smart metering. [23][24] In
Europe, these networks have not yet emerged as much. This may be due to a variety of reasons.
One important factor is the difference in regulations concerning unlicensed radio
communications, which are more flexible in North-America than in Europe. Utilities that use
radio communications above a certain power level need to apply for a license, usually for a
different frequency, which brings extra costs to the project. [25] Available frequencies and costs

can differ between countries.

Although large distances can be covered by hopping, this does require a certain density of
nodes. When the distance between neighbouring nodes becomes too large, mesh grids will fail
to deliver a robust and reliable network. There also is a limit to the amount of nodes that can

exist in one RF mesh network. More hopping also means a larger reaction time.

2.3 Related research

Many papers have been written about smart grid and smart metering communications. Many
discuss the requirements of a smart grid, and give recommendations about how this can be
realized. This includes papers from the Electricity Advisory Committee, the U.S. Department of
Energy and the European SmartGrids Technology Platform. [26][27][28] These papers explain
the necessity of the smart grid, and discuss what it should be capable of doing, and what this

would mean for the future.

These papers are supplemented by white papers from utilities, commercial enterprises and field
experts, who project their vision of smart grid and discuss specific aspects of the smart grid [29],
give a step-by-step plan to move towards a smart grid [30] or summarize recent smart grid pilot
projects. [31] In other words, the amount of papers on smart grid and related matters is
enormous, ranging from the fields of engineering and computer science to economics and

management.

14
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Last-mile communication is often shortly ment