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   Chapter 8 The Future – Towards a Sustainable Electricity Supply System

8.1 Introduction
   We live in a world of enormous divides in terms of wealth, and these are refl ected in major disparities of energy consumption per capita. An average American consumes a massive 13 000 kW h per year of electricity while in the underdeveloped regions of Africa the average lies between 50 and 100 kW h. In fact, nearly two billion people have no access to electricity at all. In terms of social justice and for more pragmatic considerations such as reduction in
tension between the haves and the have - nots, it is essential that this imbalance is addressed.
    A universal global electrifi cation scenario that allows all of the world ’ s population to attain the current average per capita electricity consumption of just over 3,000 kWhrs per annum, would require a massive increase in electricity generation capacity. Is it feasible to achieve this using traditional fuels or nuclear power? Assuming that climate change is indeed happening, the fi rst option would be an environmental disaster and it would substantially shorten the period over which the limited oil and gas reserves would be available. The second option might appear to be environmentally benign but would place unsustainable demand on uranium supplies and give rise to additional quantities of nuclear waste that would exacerbate present concerns regarding safe disposal.
      The only sane alternative is a major increase in the exploitation of renewable energy
sources, leading eventually to a completely sustainable electricity supply system. Effecting
a transition from our present rapacious consumption of fi nite resources is of course a massive challenge, but one that has to be met face on.
    Renewable resources have a range of advantages. They are:
• nondepletable and will be there as along as the sun is shining;
• indigenous, hence reducing dependency on imported fuel from other countries with unstable regimes;
• virtually nonpolluting, with some small emissions produced during manufacture and end - of - life disposal;
• diverse and complementary in their time dependence;
• generally small and geographically distributed and can often be located near to the demand,
reducing transmission and distribution losses;
• robust in system terms because of the very large numbers of individual generators and the
statistical robustness of such a collection compared to centralized generation;
• particularly suited to the needs of developing countries, where systems based on renewable
energy technology can be simpler to manufacture than traditional fossil fuelled or nuclear
power stations.
However, renewable energy sources involve relatively new and underdeveloped technologies
that have the following disadvantages:
• In general, the cost of electricity from some, but not all, such sources is at present higher
than that from conventional energy sources. This comparison, however depends importantly
on the inclusion or exclusion of external costs;
•    Except for biomass based generation, they are nondispatchable;
• Their distributed nature may require restructuring of the electricity supply infrastructure.
This last area may be of particular interest to readers of this book who are now in a position to understand the key technical features required of future electricity supply systems. These will be explored in more detail in the remainder of this chapter alongside projections for the expected evolution of the individual renewable energy technologies.

8.2 The Future of Wind Power
8.2.1 Large Wind Turbines
   Recent progress in wind turbine technology has been breathtaking. At the time of writing 5 MW wind turbines are commercially available. Ten years ago, the largest wind turbine on the market was typically an 800 kW machine with most manufacturers offering 600 kW units. At present, most wind turbines are fi tted with rotors of 60 – 90 m compared to the 35 – 45 m of the mid - 1990s. Due to economies of scale, larger machines generate electricity at a lower cost per kWh , particularly in offshore applications.
  This increase in size has been evolutionary in nature with successive but incremental
scaling up of proven designs, allowing manufacturers to progressively improve their understanding of and confi dence in the design process and key issues such as fatigue. However, is this the best recipe for future expansion? Might not step change innovations provide a faster path to lower cost larger machines? And is there a limit to the size of wind turbines imposed by material strength limitations? Since the emergence of the fi rst commercial wind turbine in the mid - seventies experts have been predicting defi nite limits to turbine size. All these limits have now been exceeded, pointing up the hazardous nature of such predictions.
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Figure 8.1 Artist ’ s impression of the ICORASS 10 MW wind turbine. (Reproduced from Polymarin)

Figure 8.1 shows an artist ’ s impression of a radical design for a 10 MW wind turbine proposed by a consortium led by Dutch rotor blade maker Polymarin Composites. This turbine known as ICORASS, which stands for integral composite offshore rotor active speed stall - control has a 160 m two - blade rotor and is intended for offshore applications where foundation and installation costs do not scale linearly with turbine power, providing cost savings for larger unit sizes. The design is highly robust to provide exceptional reliability and availability as required for offshore application where access and maintenance is diffi cult. Key features of this particular design are the integration of a direct drive alternator into the hub, a fi xed blade angle with stall power control and the use of a permanent magnet alternator for speed reduction (braking) above rated wind speed to ensure fi xed power delivery, and lastly a downwind free yawing rotor to remove the need for an active yaw drive system.
     It is too early to say whether such advanced design concepts are likely to be commercially successful, but it is clear that future turbines will be signifi cantly larger than today ’ s, especially
where offshore application is concerned, and that wider use will be made of advanced
composites. Alongside innovations in construction, increased use will be made of sophisticated condition monitoring and preventative maintenance systems.

8.2.2 Offshore Wind Farm Development
An offshore installation has advantages over and above the reduction in turbine costs from the resulting economies of scale. The marine environment is windier resulting in an increased energy yield, and the winds are more persistent and less turbulent making system - wide integration easier. Very large wind turbines that might cause an unacceptable visual intrusion onshore may well be acceptable if sited away from the shore. Additionally, the transportation of exceptionally large or heavy items is easier over water than over land where roads may need widening of reinforcement. Importantly, planning approval may be easier to obtain for offshore schemes due to their reduced visual and noise impact. Such advantages will become increasingly important as the acceptable onshore sites are progressively used up. At present, offshore wind energy is more expensive than on shore, primarily due to signifi cantly higher
foundation, installation and electrical connection costs. Complex and costly underwater cable systems are required to link the turbines together and to make the connection to shore. In some cases an offshore substation may be required. However, as more off - shore plant is built, the technology will advance to deal with unanticipated problems and to reduce transportation and installation costs. For example, while lightning tends to strike onshore wind turbines at the blade end, in offshore applications it was observed that strikes are more frequent at the centre of the blade. Blades are now redesigned to cope with such occurrences. To speed up installation dedicated vessels are being developed and built to deliver and install the towers nacelles and blades.
      One of the major problems is the accessibility of turbines for maintenance. This is only feasible by sea during relatively calm conditions, so the larger off - shore wind turbines are sometimes fi tted with platforms on which personnel can be lowered from a helicopter. These procedures are costly so designers are under pressure to develop turbines with exceptional reliability and long maintenance intervals. As already mentioned, sophisticated condition monitoring systems continuously assessing the turbine performance and fatigue state will become increasingly common. Such systems were too expensive for onshore turbines of 1 to 2 MW but for multimegawatt units the systems represent a much smaller fraction of the turbine capital cost; moreover the costs of instrumentation are falling making such approaches more cost effective.

Electrical Integration
  The growth of signifi cant offshore wind capacity has raised grid integration issues to a new prominence. Increasingly large amounts of electricity will be feeding into national networks at points not specifi cally designed for such infeeds. Consequently, signifi cant network reinforcement will often be required. In addition these time varying infeeds must be integrated into grid management systems not previously required to cope with such non – dispatchable sources. The costs of expected system adaptation will be signifi cant and new market mechanisms may well be needed to ensure that the required infrastructural investments are made in a timely manner.
      Today ’ s onshore wind turbines typically generate at around 700 V, which is commonly stepped up to ∼ 35 kV by a transformer in the nacelle or the tower base. The fi rst offshore schemes have tended to use a similar arrangement, although it is anticipated that as wind farms become larger with longer distances between turbines and increased distance to shore, the voltage will have to increase.
     In the Danish 40 MW Middelgrunden wind farm a voltage level of 30 kV was chosen for the collection of power between the 20 turbines and the short 3 km connection to shore. In contrast for the 160 MW Horns Rev wind farm, the collection voltage is 36 kV but the voltage is then raised to 150 kV at an offshore transformer substation before transmission over 15 km to shore. In future large offshore schemes AC transmission may severely limit the distance over which electrical power may be transmitted by undersea cable.
DC Transmission [1] , [2]
   AC cables possess large capacitance resulting in large reactive power currents which are
proportional to cable length. Therefore the useful power that can be transmitted reduces as length and voltage increase, with viable AC cable lengths limited to only a few tens of
kilometres. Cables when run with DC have no length limit. Additionally, they are cheaper
and less lossy. DC schemes also provide a better level of reliability if a single cable is lost.
     In the longer term, as wind farm sizes grow, perhaps to several GW, and the distance to shore increases, it is likely that DC transmission may be used to link the wind farms to the grid network. The cost of a DC line to transmit a certain power is considerably lower
than that of the AC equivalent. However, generators are most effi cient when designed to
provide AC, and AC is unbeatable when used to distribute energy to consumers at
different voltage levels. Hence DC transmission requires conversion from AC to DC and
from DC to AC at the extremities of the DC line. This is achieved through power electronic converters.
     DC transmission is used extensively at present in power networks when bulk power has to be transmitted over long distance overhead lines or medium distance underground or undersea cables. It can be shown that if the power to be transmitted is large enough and the overhead or cable line is above a critical length, the savings in transmission line costs more than compensates for the extra expense of the converters. Because of the DC based coupling of the AC networks, a DC link is asynchronous i.e. the two linked AC systems do not have to operate at the same frequency. This was illustrated in Figure 4.49 where a gearless wind generator is connected to the network through a DC link. In conventional HVDC (high voltage DC) links the converters used are the line - commutated converter of Figure 4.26 . This technology has a proven track record but also suffers from the disadvantages listed in Section 4.5.5 .
    An HVDC link can be realized using the voltage source converters (VSC) described in
Section 4.5.6 rather than line - commutated converters. This technology has only become possible through recent advances in high power IGBTs. Unlike line - commutated converters, VSCs have no need for an AC source commutation voltage, are capable of independently
controlling the active and reactive power and inject negligible amounts of harmonics into the AC network. Another advantage of the VSC based HVDC is that it can be built on a modular basis using standardized units to build up a converter station. It is because of these characteristics that utilities are usually in favour of VSC based HVDC technology. Compared to the AC option the VSC - HVDC would be substantially more expensive in near to shore wind farm schemes but would become more favourable with increasing scheme sizes and distances.
     Figure 8.2 shows the key parts of a VSC based HVDC terminal. A mirror image of this terminal is connected at the other end of the transmission cable to complete the system. The heart of a terminal consists of a three phase IGBT based bridge, as shown in Figure 4.35 . Because of the limited voltage and current rating of the largest available IGBTs each of the six ‘ valves ’ consists of a number of parallel – series - connected IGBTs to increase the power handling capability of the terminal. IGBT chips and diode chips are connected in parallel in a submodule. A StakPak IGBT has two, three, four or six submodules. The number of submodules is based on the required current rating of the application. For high
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Figure 8.2 Schematic of a VSC based HVDC system. (Reproduced with permission of Asea Brown Boveri Ltd)

power ratings requiring a high DC voltage, more than one hundred StsckPacks are connected in series.
   If the desired DC voltage does not match the AC system voltage, a normal AC transformer may be used in addition to the converter series reactor. The converter has a PWM switching frequency of 2 kHz. Since there are only high frequency harmonics generated on the AC side, fi ltering can be done using a simple high pass fi lter. On the DC side there is a capacitor that also serves as a DC fi lter. The two pole confi guration shown in Figure 8.2 where the middle of the two pole DC system is earthed, enhances transmission reliability. In the case where a fault occurs in one pole, the other can provisionally continue transmission with an earth return.
     This type of reliability is not possible in a three - phase AC system. After a transient loss of the AC supply, the asynchronous nature of the HVDC link allows ‘ black - starting ’ by controlling the frequency from zero to the required wind turbine frequency, while ramping up the wind farm voltage.
    The VSC based HVDC technology is advancing fast. Manufacturers will soon be able to offer such links rated at 1 GW and operating at ± 300 kV on the DC side. This will substantially extend the off - shore range and size of wind farms that can be potentially exploited. Whether such schemes will be realized in the future depends on the shortage of near - shore sites and on the technical success and reliability of the present offshore schemes, which are operating or are under construction.

Other Demands on Large Offshore Wind Farms

Due to the economies of scale, future offshore wind farms are likely to be an order of magnitude larger than the present onshore schemes. The rating of such wind farms will be comparable to that of other traditional generating plant on the grid. As a consequence, they will be required to perform functions not demanded from present onshore wind farms. 1 Such functions will include:
• control of active and reactive power;
• system frequency control;
• local grid voltage control;
• operation under abnormal conditions such as grid faults;
• contribution to network stability.
These requirements will demand signifi cantly improved sophistication of wind turbine and wind farm control functions. Although the majority of the current multimegawatt wind turbines operate at variable speed using a doubly fed asynchronous generator some experts believe that this arrangement is not optimum if stricter utility requirements have to be satisfy ed. Compared with full power converters such as those in gearless wind turbines, doubly fed arrangements are more problematic because during fault situations they can inject large peak currents into the system.
   If the ICORASS design is a true representation of future wind turbines, its permanent
magnet synchronous machine can only be interfaced to the grid through a full power converter which, in addition to the utility requirements listed above, will have the added task of braking the wind turbine above rated wind speeds to enforce stall regulation power control. Future wind turbine designers will not be short of challenges!

   A Proposed European DC Supergrid

The VSC based HVDC technology can be adapted to operate with several terminals on the DC side so that power can be injected or extracted at will at each terminal. This proposed mode of operation has encouraged feasibility studies for a European DC supergrid. Because of the concentration of the wind power resource in the Atlantic, the North Sea and the Baltic, there has been a suggestion that such a grid would be highly benefi cial (see, for example, Reference [3] ). It would range from Scandinavia down to France and would link Germany, the UK, Ireland and Spain on the way, as shown in Figure 8.3 . The cost of such an enterprise would be substantial but it has been calculated that it would be more cost - effective than the upgrading of the existing onshore networks necessary to absorb the large available offshore potential.
    Another advantage would be the considerable aggregation of the resource over a very large geographical area, resulting in a much fi rmer resource in spite of local variations. Additionally the system would have the ability to provide energy to the country with the greatest need at specifi c times and the possibility of using the grid as an interconnector between national markets to enhance energy trading. This is particularly attractive because of the time
















[image: ]Figure 8.3 Concept map of the proposed European DC supergrid. (Reproduced with permission of
Airtricity) 
difference and therefore the time shifts in peak demand among the linked counties. It should be noted that present HVDC systems are usually point to point therefore considerable technology development would be required to deliver a multiterminal HVDC network of the sort proposed.
8.2.3 Building Integrated Wind Turbines
There has been considerable interest of late, particularly in Northern Europe, in the possibility of fitting small wind turbines on the roof tops of individual houses. Enthusiasts for this approach claim that small wind turbines sited within the urban environment have the potential to make a significant contribution to the reduction of CO2 levels. A typical wind turbine of this type is illustrated in Figure 8.4 .
The difficulties facing the designers and manufacturers of such machines are substantial.
The dis - economies of downsizing are such that the installation cost per kW of a small wind turbine is considerably more than for a MW size machine. Moreover, the annual average wind speed in a typical urban environment is perhaps one half of that usually experienced in 
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Figure 8.4 Small building integrated wind turbine. (Reproduced with permission of Windsave) 

a good wind farm site. The cubic power law therefore indicates that the expected energy yield per kW capacity from the small wind turbine in these circumstances would be approximately ne eighth of that from its large scale counterpart, and this ignores the substantial advantage of the higher wind speeds at the hub height of the large machine. Additionally, in urban locations wind turbulence is considerable due to the presence of buildings and trees and this can affect energy capture and the life of the turbine. On the positive side, small wind turbines if manufactured in, say, hundreds of thousands, can gain enormously from mass production economies of scale and present costs may be more than halved. Government subsidies may accelerate their adoption and their progress down the learning curve.
In general, however, because of long current payback periods, the market for such machines is limited with the unfortunate side effect that the low costs that may result from mass production are unachievable at present. There are in addition concerns about potential noise and vibration problems, as well as the challenge of obtaining planning permission,2 especially if neighbours object to the installation, and as yet untested arrangements for selling any excess energy fed to the grid. However, there will be some urban areas on hilltops and on coastal locations where the wind speed is high enough, when taken together with escalating electricity costs, to justify the investment in this technology.
Small wind turbines are already economically viable in remote locations not serviced by the grid and for the provision of modest amounts of electricity to caravans and sailing boats.
This is an already established market, but one for which the costs of alternative electricity supply is substantially higher than that supplied from the grid.
Enterprising architects have produced futuristic designs that incorporate wind turbines
within the building structure, frequently with a ducting effect to enhance the energy capture.
One such design is shown in Figure 8.5 , where two 43 - floor office towers are connected by 
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Figure 8.5 The Bahrain World Trade Centre. (Reproduced with permission of the Bahrain World Trade
Center image© Khalid Al Muharrqi based on a design by Atkins)  three turbine bridges. Each turbine is 29 metres in diameter and has a rating of 225 kW. The
turbines were intended to supplement the energy requirements of this prestigious Bahrain World Trade Centre. 
8.3 The Future of Solar Power
As described in Chapter 2 , solar technology is developing fast and has much to offer despite the currently high costs. However, to make a significant contribution to bulk electricity generation, a major technology development and cost reduction is required. Possible future developments are discussed in more detail below.
8.3.1 PV Technology Development
The existing PV market is dominated by silicon wafer cells. Commercial modules based on this technology are up to 20% efficient but costly to manufacture and have a high embodied energy content. The energy payback is in years, with the exact figure dependent on the local radiation resource, and contrasts with wind energy where the energy payback period is typically measured in months (see for example, References [4] and [5] ). 
Thin film PV has the potential to deliver cheaper electricity. Amorphous silicon was the first thin film to become commercially available and in recent years has managed a steady but limited market share [6] . Unfortunately, intrinsic materials issues have limited its performance and it is not expected to be competitive in the longer term. Currently, commercial interest centres around thin film nanocrystalline hybrid cells and the heterojunction cells based on copper indium diselenide and cadmium telluride. Both of the latter provide reasonably stable efficiencies and are expected to benefit from improved manufacturing techniques.
There is currently a flurry of investment activity in these technologies that includes manufacturing on to glass, and metal and polymer foils. Industry experts confidently expect that the new mass production technologies will deliver cells capable of generating electricity competitively with conventional forms and nuclear perhaps within the next 10 years. 
Different Deployment Options
The bulk of current grid - connected PV is located on domestic building roofs. Japan and Germany between them have installed over a million such roof systems, primarily as a result of generous market support mechanisms. A similar programme is now planned in the USA.
Earlier installations in the main made use of traditional looking modules, although there is now increasing use of so - called PV roof tiles. These can be laid more or less in the same way as traditional tiles and lend the roof a more traditional appearance. Alongside domestic roofs, commercial buildings also provide attractive locations for PV where flat roofs and facades lend themselves to PV installation. There are numerous examples of architecturally appealing PV facades to be found around the cities of Europe. There are thermal issues associated with such building integration of PV. If not carefully designed, the mounting systems can inhibit natural ventilation of the modules, leading to overheating with possible damage to the PV cells in conditions of high radiation and ambient temperature. Fortunately these issues are now fairly well understood.
In contrast to the various forms of building integrated PV, large scale arrays of PV modules can be located on dedicated, usually rural, sites. Systems of up to 10 MW are being installed in the sunnier parts of Europe. A computer image of the world ’ s biggest solar power plant under construction in Walpolenz, Germany, is shown in Figure 8.6 . Once fully operational Walpolenz will occupy about 110 hectares, will be rated at 40 MW and produce 40 GWh, approximately the annual consumption of      10 000 households.
8.3.2 Solar Thermal Electric Systems
As outlined in Chapter 2 , considerable effort has gone into the development of solar
thermal electricity generating systems. These are only feasible in large scale developments and as a result the present solar thermal installations are larger than the PV based ones.
Figure 8.7 shows the 150 MW parabolic trough plant at Kramer Junction, California.
It has been calculated that if an area of hot desert of about 250 250 km – less than 1% of the total areas of the world ’ s deserts – were to be covered by such thermal plant enough energy would be produced to cover all present electricity needs. Manufacturers of such 
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Figure 8.6 A computer image of the 40 MW Walpolenz PV installation. (Reproduced with permission
of the juwi group) 
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Figure 8.7 The 150 MW solar thermal plant at Kramer Junction, USA. (Source: Solel) 
systems are upbeat about the future but only time will tell whether their enthusiasm is
justified. 
8.4 The Future of Biofuels
Biomass has a special role to play in the sustainable electricity supply systems of the future due to the fact that it is easily stored. Electricity generation based on biofuels, supported by adequate fuel distribution and fuel stores local to the generation plant, is fully dispatchable and thus can be used to compensate for the variations in the nondispatchable renewables and the system load. Whether there will be sufficient biofuels for this purpose will depend on the available land area for energy crop production in relation to the amount of balancing plant required.
Biomass resources in most countries are large; for example in the UK is has been estimated that up to 20 million tonnes could be available per annum. It is important to distinguish between first generation crops that have been developed for food (sugar beet, oil seed rape and wheat grain) that may be used for chemical conversion to biodiesel and bioethanol and second generation lignocellulosic (biomass) crops that can be used as feedstock for heat, power and liquid fuels.
First - generation technologies have in general a poor carbon footprint and represent an ‘ intermediate step ’ towards second - generation lignocellulosic feedstock. Research is needed on the environmental impact of the wide - scale growing of biomass crops. At present there is limited understanding on how the different bioenergy chains compare in environmental impact.
There are also concerns that dedicating significant land area to bioenergy crops will put pressure on food production and result in unwanted increases in food costs. Impacts on food prices in the USA and China have been reported recently, but these reflect the use of corn for the production of liquid fuels for transport, rather that fuels for electricity generation.
8.5 The Future of Hydro and Marine Power
Although small scale hydro installations can make a useful local contribution to electricity generation there are a limited number of suitable sites and thus the overall impact on electricity system operation is limited. This is unlikely to change with time. Larger scale hydro is a different matter. In countries like Switzerland and Norway with a large proportion of hydro power, the power systems are already designed around these resources and their characteristics. Some parts of the world have yet to develop their hydro potential fully and as they do so attention will be paid to the creation of a suitable system infrastructure.
Tidal power, as summarized in Chapter 2 , has a large contribution to make in geographical areas that experience a large tidal range. To date this resource has barely been touched. Since the technology for barrage construction and turbine construction is already available, it can be concluded that it is unfavourable economics that presently inhibits the use of this technology. It is known that large tidal projects could take decades to pay back their installation costs. Even though the civil works would last well beyond such timescales, nearer term market pressures make these projects impossible to finance. Nevertheless, there will come a time when fossil fuel shortages and rising energy costs will make the construction of large barrage schemes attractive despite the adverse local environmental impact on wading birds and other wildlife. Indeed the recent concerns for security of supply that are giving hope to the nuclear industry should be prompting a re - examination of this technology, which poses
investment challenges that are not dissimilar. Both nuclear and hydro involve massive upfront costs and these need to be paid back with profit over their considerable lifetimes. As with nuclear, states will need to decide how to facilitate the construction of large tidal barrage schemes if the conclusion is that they have an important role to play in the long term future electricity supply.
It may be that concerns about the ecological side - effects will result in alternatives to the straightforward barrage schemes. One such alternative has been suggested by FoE in which tidal lagoons are created. These are claimed to be capable of producing even more energy than barrage schemes as well as being less environmentally intrusive. The newer technology of tidal stream, introduced in Chapter 2 , suites different sites and is generally seen as promising despite its present lack of development. It is widely anticipated that reliable and cost - effective technology will be developed. This will make a useful contribution, but only in very specific geographical areas where suitable stream velocities exist.
Wave power is perhaps the least developed renewable energy source, although the resource, especially around the UK coastline, is huge. Since 2000, a number of large scale wave power prototypes have been demonstrated around the world, but the technology is still up to 15 years behind wind energy. In the UK only one wave energy device (Pelamis, see Chapter 2 ) has been demonstrated at near full scale in the open sea. The first commercial wave energy farms using the Pelamis device are being planned in Portugal, Orkney and Cornwall. Designing devices to survive in the open seas is challenging but enthusiasts for the technology are projecting significant electricity generation from this source in the future.
8.6 Distributed Generation and the Shape of Future Networks
Many reports have been published covering the need for changes in the structure of power systems. Key reports include References [7] to [10] and these have been drawn on in this section.
8.6.1 Distribution Network Evolution
Traditionally, engineers have regarded electricity distribution networks primarily as passive conduits of power from the high voltage transmission system to the loads and have been installed on a ‘ fit - and - forget ’ basis. However, some active control elements are now being introduced as far down as the 11 kV network for fault restoration to improve customer supply reliability. Some limited voltage control is also incorporated as described in Chapter 6 , but these networks can generally been viewed as passive in operation. All this is changing with the growth of distributed generation.
The connection of smaller CCGTs at distribution voltages has been increasingly common in the European community over the last 15 years and similar trends are occurring elsewhere. Much of the UK ’ s wind energy capacity, especially the older smaller wind farms, were connected at 11 kV, and so embedded in the distribution system. In the USA, distributed generation consists primarily of standby diesel generator sets that add to system security by operating at times of high network stress. In addition there is coming on to the market a wide range of very small generators (micro - chp, PV and micro wind) that are designed for use in domestic and small commercial premises. These trends are expected to continue. As regional penetrations rise new ways of designing and operating distribution networks will evolve. There are presently a number of major research programmes around the world specifi-
cally charged with investigating these future scenarios and coming up with technological solutions to the operational challenges that can in the end deliver reliable power supplies at reduced cost.
Changes to be expected will include active and automatic network reconfiguration schemes aimed at facilitating a high penetration of distributed generation while reducing customer minutes lost due to faults.

8.6.2 Active Networks 
The network above the 11 kV system is actively controlled with activity increasing as the voltage is increased. For example, the 30/10 kV tap - change transformer in Figure 5.11 is ﬁtted with an automatic voltage controller that monitors the low voltage level and adjusts the taps to keep it within speciﬁed limits. Higher up in the chain, at the transmission level, not only active but also reactive power ﬂows are appropriately regulated down transmission lines to ensure that the voltage proﬁle is acceptable, the system is secure under contingencies and that it operates as economically as possible. Additionally under fault conditions, reclose circuit breakers are controlled to improve reliability of supply. 
 Active control involves some or all of the following functions performed on a continuous basis: 
· the measurement of system parameters, for example V,I,P,Q, f and network topology;
· comparing these measurements with set values or with desirable values obtained from analytical computations of the network model, for example load ﬂow analysis, contingency analysis, optimum economic dispatch etc; 
· activating a control element to implement the desirable changes, for example increasing the excitation of or the steam input to a synchronous generator, opening or closing a trans - mission line;
· checking that the changes have been implemented and warning control engineers if the control actions fail.
Distribution networks are extremely extensive. For example, the UK has over 290000 km of overhead and 470000 km of underground cable. The conversion of this mostly ‘ passive ’ network into an ‘ active ’network would be a major task and will take place gradually as distributed generation is adopted. A key fact is that distribution networks in developed counties have been in place for several decades and will require updating soon due to ageing. This is a unique opportunity to enforce a culture change and design in the new networks the capability of embracing embedded generation rather than repeat yesterday ’s technology.
In the UK, Ofgem, the Ofﬁce of Gas and Electricity Markets in a recent consultation document has established an incentive mechanism to encourage Distribution Network Operators (DNOs) to establish what are known as registered Power Zones (RPZs). These are ‘ nursery sites ’ in which DNOs can develop and demonstrate cost - effective ways to connect distributed generation to networks. Typical projects within the RPZs focus on active voltage control, fault level management and power ﬂow control.
8.6.3 Problems Associated with Distributed Generation 
The introduction of embedded generation into distribution networks will have a number of technical implications in the following areas.
Fault Levels
In urban areas the distribution networks are designed to have as high a short - circuit level as possible. This is helpful in minimizing the effect that one consumer has on another and in maintaining the consumer voltage as close as possible to the nominal level. Economics dictate that distribution transformers, circuit breakers and cables are rated as near to their maximum load as possible. This small margin between operation and rating implies that if embedded generation is installed, the short circuit level may increase beyond the plant capabilities.
Voltage Levels
One feature of distribution of radial circuits is that they supply a number of distributed consumers; therefore economics dictate that they taper along their length. Embedded generation connected to the end of a long rural circuit is likely to increase the local voltage above statutory levels.
Network Security
Connection of embedded generation has to comply with planning standards that aim to maintain the supply security at the pre - connection level. This may adversely limit the size and type of the embedded generator. The possibility exists that under fault conditions where the supply from the grid is lost, the local system is run in island mode fed solely from the em -bedded generator(s). In this case, embedded generation will enhance security. This mode of operation requires local active control and is addressed later. 
Network Stability
Under certain fault conditions, the system dynamics are excited and it is possible that the characteristics of an embedded generator are such that the ensuing oscillations may cause tripping of the local network. If the dynamics of the generator are known, a stability study can be carried out before connection and if instabilities are detected, control systems theory can devise stabilizing networks.  
8.6.4   Options to Resolve Technical Difﬁculties
Planning Standards
Present planning standards are largely deterministic and therefore conservative. New standards could be developed that rely on the probabilistic nature of renewable energy and of demand patterns. Such standards would be more forgiving and reduce the connection costs and penalties imposed on embedded generation. 
Using Power Electronics Technology
High power electronics have made enormous advances over the last decade. These advances have resulted in new devices capable of increasing the ﬂ exibility of AC power systems. Such devices, known collectively as ﬂ exible AC transmission systems (FACTS), offer considerable opportunities and challenges to power systems engineers. The challenges stem from the necessity of extending as far as possible the capacity of existing transmission lines without affecting adversely the voltage proﬁle and jeopardizing stability. Building additional trans-mission facilities would have solved some of the problems but these are often limited by economic and environmental considerations. FACTS covers a range of electronic based systems such as Static Var compensators, thyristor controlled capacitors, phase - shift trans-formers, interphase power controllers and uniﬁed power ﬂow controllers. Some of these devices have been used to assist in the integration of RE sources and are likely to facilitate future connections.
The nature of RE sources are such that they often require a power electronic interface, usually a PWM converter, for connection to the grid. This interface could be regulated, not only to utilize optimally the renewable energy resource, but also to make the generator ‘ connection friendly ’ . The local or some other vital neighbouring voltage can be monitored and regulated by reactive power injection/extraction. The active power injected into the node may be limited at times to safeguard other local operating restrictions or requirements. The inter-face could be made sensitive to local faults so that it limits the contribution made by the local generator but does not limit it to the extent of endangering network stability. Finally, it could sense the loss of mains and arrange that the local network operates as an island arranging synchronization and reconnection when the mains is re - established.
Such a powerful local control activity will require substantial information processing and transfer. Interactive local control systems could be developed so that the embedded generator interface is in communication with other similar local units such as FACTS and with the local tap - change transformers, so that the most appropriate control actions are taken. The required communications may be provided through the Internet. 
Islanding
An actively managed distribution network with locally generated power that approximately balances the demand could theoretically be run autonomously if connection to the mains were to be lost due to a fault. Such operation would require some sophisticated local control actions to ﬁrst maintain the frequency close to the nominal value and then to reconnect the islanded system back to the mains when the fault is cleared. The capability to island could increase the reliability of supply to the local consumers but at the cost of more complex software and hardware. The desirability of such operation depends crucially on the typical reliability of supply experienced by the consumers. If the reliability is high, say one short interruption per year on average, the beneﬁts of islanding may be doubtful. 
Dynamic Loads
In Section 3.8.3 an application of a dynamic load was discussed as a means of regulating frequency, i.e. providing power balance in a power system. In such an application the ﬁrst requirement is to be able to measure the power system ’ s frequency accurately. A controller needs a cost - effective way to measure the system frequency by, say, using a simple micro-controller to count the number of processor cycles in a full AC cycle. The controller then needs to be aware of the needs of the appliance. In the case of a refrigerator, this means simply measuring the internal air temperature. A relay or other switching device is then added so the controller can switch the compressor (in the case of a refrigerator) or the heating element in the case of an immersion heater.
This application of dynamic load control addresses the totality of system power balance. It is, of course, possible also to use this technology to service local distribution network requirements. For example, the totality of the dynamic loads at the end of a feeder supplying a large group of houses may be diverted from system frequency control to local needs, for example matching from instant to instant the output variations of local embedded generation or assisting the maintenance of system security. Demand - side management is a topic that has been discussed for a long time in power system circles but its considerable potential has not yet been exploited. A major rethink is required here. 
Storage
There is at present considerable interest in the possible applications of energy storage in power systems. The technologies are diverse and at different stages of development. They range from a variety of batteries, high speed ﬂy wheels, super capacitors and regenerative fuel cells. Local energy storage would assist embedded generation from renewable energy by providing a buffer between the variability of supply and demand. As the energy storage device would be more than likely to be interfaced to the mains through a power electronic converter, the capabilities of such a converter would also be available to assist the local network.
At the limit, the extensive uptake of embedded generation in the domestic area, such as PV, fuel cells and micro turbines combined with improved efﬁciency of domestic appliances and levels of insulation, could make homes self - sufﬁcient in terms of energy. If such technologies were combined with energy storage, the nature of the distribution network may decline into a minimum infrastructure system providing only occasional energy delivery. The idea of energy self - sufﬁcient homes where the peak to average electricity demand ratio is as high as 10 to 20 (Figure 3.1 ) is unlikely to be cost effective compared to the substantial improvement that can be achieved in that ratio by grouping several houses together (Figure 3.2 ). Such small groupings of consumers that beneﬁt from the averaging effect of aggregation is a more likely candidate for future development and it is referred to as a ‘ microgrid ’ . 
Microgrids
Microgrids may consist of a small community, a housing estate, a university, a commercial or industrial area or a municipality. The key concept is that it includes a number of consumers and a number of small generators (often referred to as microgenerators), located in close proximity so that transmission losses are minimized. The totality of the installed capacity in a microgrid is capable of supplying the local demand. Microgrids promise substantial environmental beneﬁts by facilitating the integration of renewables such as PV arrays and small wind turbines. The microgrid principle is heavily reliant on micro - CHP generators that are driven by the production of heat mostly during winter and PV generators that provide electrical energy during summer. Some storage capability is also assumed. The correct mix is obviously important but would be facilitated by the diversity of the consumer group. 
Virtual Power Stations
Virtual power stations are a new concept. A virtual power plant is deﬁned by Wikipedia as a cluster of distributed generation installations (such as micro - CHP, wind turbines, small hydro, back - up gensets, etc.) which are collectively run by a central control entity. Concerted operation of this plant can in theory provide network services such as power balancing and frequency control. The concept is a response to market mechanisms that penalize the variability and lack of predictability of small individual generators, particularly those based on renew-able energy sources. However, since these aggregations are expected to reﬂect commercial arrangements that might involve highly dispersed plant, rather than geographically speciﬁc clusters, the operation of such virtual plants might conﬂict with the requirements for local power and voltage control. These issues are the topic of ongoing research and so far there is no clear consensus on the value of this approach.   
8.7   Conclusions [11, 12] 
The nationwide and local electricity grids, metering systems and regulatory arrangements that were created for a world of large - scale, centralized power stations will need restructuring over the next 20 years to support the emergence of far more renewables and small - scale, distributed electricity generation [11] .
Intermittency is not a ‘ ﬂaw ’ or shortcoming as traditional ‘ reliability ’ concepts imply. On the contrary, requiring a system to always deliver generation that matches a ﬂeeting peak load gives rise to a set of generation and network assets that are invariably drastically overspeciﬁ ed and underemployed, a situation long overdue for frontal attack by innovative policy [12] .
When a new process technology – wind – is ‘ shoe - horned ’ into an existing system that evolved to support previous vintage technology, things do not work correctly. To the network operator it may seem as plain as day that the new technology needs to morph so that it take on the characteristics resembling the old technology. This is wasteful and foolish. Quite the opposite must happen. If we were to effectively exploit technological progress, it is the underlying system that needs to metamorphose and adjust to the innovation [12].  
Compared to the breathtaking speed of developments in IT, the technology of power generation and distribution is depressingly lethargic. One reason is that the natural lifecycle of asset renewal in power systems is measured in decades rather than years. In truth, the vast range of IT technology has barely affected the electricity networks. Interestingly, the long delayed revolution required will be precipitated by the imminent impact of renewable sources. The distributed and variable nature of renewables will require intelligently controlled power electronic hardware to maintain power quality and optimize energy ﬂows. This required revolution in ﬂexibility and controllability of the network will, of course, be of immense beneﬁt to traditional generation as well. Much of the distribution network in most countries is at least 40 years old and will have to be replaced over the next decade. There is therefore a great opportunity to introduce innovative technologies rather than replace like with like.
Traditionally, power systems have been run on the policy that whenever the consumer demands energy this should be instantly satisﬁed from dispatch able generation. With increasing proportions of renewable generation this philosophy must be changed but without substantial inconvenience to the consumer. Demand - side ﬂexibility will require that consumers adjust their demand proﬁle to meet supply through deferrable loads. This will require intelligent control and could be done through time - of - use tariffs requiring customer voluntary response, to hard wired direct control and everything in between. If demand can shift time - wise to suit generation, the availability of primary energy will be dictating the pattern of consumption rather than the opposite. In such a power system ‘ base load ’ electricity may not continue to have the signiﬁcance it has at present.
An active distribution network is by deﬁnition more complex than the current system, and building and managing it will require new skills. In this future power system, renewable generation will be injected and active control will be implemented at all system levels.
To conclude, a fundamental rethink will be needed of the way electricity is generated, transmitted and distributed in the power systems of the future. Variable generation in feeds coupled with bidirectional network ﬂows will become commonplace. This rethink does not only require the adoption of new technologies but also a change in the mindset or ‘ culture ’ of power system engineers. This book has endeavored to cover the basic principles of how power systems will evolve from the present time when renewable energy contributes a minute proportion towards electricity production to a future when this proportion becomes substantial. 
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