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  4. Energy and Emissions – The System
‘Getting the best out of our energy systems (and avoiding the worst)’
Our energy system is complex, but can be broadly broken down into three groups of three: 3 activities, 3 carriers and 3 inputs. Recent moves in this system have been away from the production of a decarbonised system, and the scale of the challenge is vast, highlighting the need for both decarbonisation and improvements in energy productivity. 

We have sufficient energy resources to meet future increases in demand, but all come with inherent problems, environmental or otherwise. In buildings short-term abatement options centre on energy efficiency improvements, while in the long-term moves towards heat-pumps, building integrated renewables and incorporating energy into both building and urban design offer abatement opportunities. In industry the challenge is focused on a small number of sectors and short-term options include efficiency improvements and fuel-switching while in the long-term moves towards CCS, electrification, and recycling and re-using offer mitigation possibilities. 

Transport is perhaps the greatest challenge in creating a low-carbon economy, but we need to address it anyway. Efficiency improvements offer some scope for savings but are limited; modal shifts away from road and air travel require major changes in infrastructure and behaviour; switching away from oil, toward biofuels in the short-term and electricity in the long-term may be the only viable option, but requires low-carbon electricity. 

These moves toward electrification across sectors highlight the need to create a low-carbon power sector. Smart meters and grids can reduce peak demand and losses but we need to reduce the carbon intensity of the grid by moving towards gas in the short-term, while building our stock of renewables, which can be complemented with low-carbon baseload from Nuclear and CCS. Issues such as intermittency will need to be overcome, but a more diverse power system can also bring security benefits. The technologies we need for this transition are still in development and need further innovation to make them cost-effective. Evidence shows that learning comes from both research and deployment, highlighting that a deeper understanding of the innovation chain is required in order to best produce policy to support the transition.    
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4.1 Drivers, channels, fuels
Overview 

Our ‘energy system’ is huge and complex – but like any complex system, its more understandable when broken down into its main components. Global energy use is driven by three main kinds of activity, and the energy to supply them is funnelled through three main channels, powered by three basic fossil fuels.  If we can change these systems, we can tackle our energy and climate challenges: 

· Industry is the biggest consumer and emitter, accounting for about a third of global energy consumption, and a greater share of emissions in part because some industrial processes emit additional greenhouse gases. Its major fuel is coal, both directly (for heating) and indirectly through electricity consumption. 

· However the energy that we consume in our homes, and offices, runs a close second. Again this is both for direct heating, and the ever-growing consumption of electricity for home appliances, electronics and other gadgets. 
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Figure 4.1:  Emissions within the Energy System
· Transportation accounts for around a quarter of energy-related emissions, and unlike the others is powered almost entirely from petroleum through the refined fuels system.  Adding other smaller uses – mainly agriculture which also relies heavily on petroleum – drives the total contribution up to a level comparable with the other two.

These flows are illustrated in Figure 4.1. Most people would draw it the other way round. But it is these three activities that drive the entire system – with all its benefits, and problems: the fuels and carrier systems just feed these activities. This chapter, and this book, concentrates on these core activities and the systems that feed them, to see whether, and how, the world can realistically wean itself off fossil fuel dependence. 

Scale of the challenge

This is not a challenge for the fainthearted – as can be seen by setting our recent puny progress against the goals. The physicists favoured unit of energy is the Joule – and our economies now consume about 500 ExaJoules annually, or 500 million million million
. More than three decades after the first set of oil shocks rocked the world economy, to supply this we remain as dependent on fossil fuels as ever. 
Figure 4.2
(a) shows the current pattern of energy production, with in Figure 4.2(b) a bit more detail on the energy uses this supplies.
The world has made precious little progress in curbing its appetite for oil-based transport, dominated by the motor vehicle and with a growing if still small share for aviation, and for the marine transport that underpins global trade; oil still accounts for almost 40% of global emissions.  In buildings, the emissions associated with the growing use of electricity have now overtaken the traditional needs for heating. 
And despite all the talk about de-industrialisation and the service economy, industry still eclipses both transport and buildings in its thirst for carbon – coal, much of it feeding industrial processes, accounts for another two thirds of global emissions. Indeed steel and cement production alone account for over 10% of global energy-related carbon emissions, plus added contributions from process emissions – these two industrial activities alone emit more than 4 times the contribution from aviation.  

Natural gas – for heating buildings and increasingly fuelling our ever-expanding appetite for electricity, accounts for the remaining fifth of global emissions.
 Indeed the other energy story – and one examined much more closely in this chapter – is the steady electrification of our economies. 
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Figure 4.2: Global energy consumption by (a) fuel and (b) end-use (Source: IEA
)

Over the past four decades, some elements have stayed relatively stable, while others have changed dramatically. Most striking perhaps is the rapidly rising share of emissions from the use of coal to generate electricity. In the last decade this has accelerated even further, with the rapid construction of coal-fired power stations in China, (and to a lesser extent India). 
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Figure 4.3: CO2 Emissions and Energy by fuel and process 1971-2008 (IEA
)
Thus the energy system changes – but slowly, and if it is gathering pace, it seems to be in the wrong direction. Moreover the different sectors of the system are inherently interlinked. The materials for buildings come from the industrial sector, as do the appliances that fill them. The location of buildings and industries determines how much demand there is for transportation. In turn industry provides the materials required for these modes of transportation. Electricity already provides the majority on energy inputs to buildings and industry, and may be expected to produce ever-increasing shares to transport. We can consider the components, but ultimately the system as a whole must ultimately be transformed. 

On the surface, our progress in energy efficiency overall has been more encouraging - 

in 1980 we generated US$2.8 billion
 for every million tonnes of oil equivalent of energy supplied, by 2007 this had risen (70%) to US$4.6 billion. But even that was outstripped by the pace of economic growth – so global energy consumption still grew.  And despite big programmes in nuclear and renewable energies, and a move to cleaner natural gas, this only just kept pace with the growing energy demand.  Overall the carbon intensity of the world’s energy system has barely budged. 

This meagre progress compares starkly against the challenges implied by the need to move towards a stable climate. A reasonable interpretation of this would require global emissions to have peaked by 2020, be 20% down by 2030, and to have halved by 2050.  Figure 4.4 shows that in theory we can reach these goals in various ways – through different combinations of decarbonisation (moving up the chart), and accelerating our energy efficiency improvements (moving right). But compared with the past decades, it’s a scary prospect:
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Figure 4.4 Decarbonisation and Energy Productivity historically and up to 2030 and 2050  (Source IEA
, IMF
)

· Doing everything by decarbonisation would involve a dramatic and abrupt turn compared with anything we have seen – it would mean that over the next twenty years we needed to double the historic level of decarbonisation, whilst the progress required over the subsequent twenty would mean replacing the vast majority of fossil fuels in a hugely expanding energy system 

· Doing everything by energy efficiency would imply ramping up the pace we have seen - since the oil shocks – several fold: just for the 20% cut, we would need to double the amount of wealth we create with our energy over the next two decades. The pace of efficiency improvement would have to be sustained at rates we have probably never seen in history, anywhere, for four decades.  

In reality of course, the only sensible approach is a combination of both, which at least sets both to somewhat less mind-boggling levels of ambition. For example, as shown in the Figure, if the global economy doubles by 2050 we could still halve global emissions if we could both double energy productivity, and double decarbonisation – the energy output per unit of carbon – “Factor 4”.
 
Resources and co-benefits 
Impossible? No. But to before diving into the details, we need to dispatch one pernicious myth - that the world is short of energy. It is not.  It is however short of cheap, easy and non-polluting forms of energy. 

Coal reserves equate to over 120 years of current levels of coal production
. Coal, however, is the most carbon-intensive fossil fuel – emitting close to 100kg of CO2 per GJ.
  A move away from coal, capturing and storing its emissions, is central to the decarbonisation challenge.  
But then, moving away from coal has been a common if not universal feature of development, in part because of its other impacts. Burning coal produces sulphur dioxide (which contributes towards acid rain), particulate matter, (which can lead to asthma and other respiratory conditions), carbon monoxide, mercury, arsenic and lead. In addition to these air pollutants open pit or strip mining causes great impacts on landscapes and ecosystems, with the massive removal of topsoil, the seepage of heavy metals, and the production of million of tonnes of waste overburden. Underground mining is hazardous – for reasons of health and accidents. It’s hardly the world’s most desirable fuel.

Oil has become, perhaps the most geo-politically important of our energy resources in the last century, and at around 73kg CO2 per GJ is less carbon intensive than coal. But though fears of its exhaustion have been raised for close to 50 years, no-one now thinks it’s infinite. Conventional oil reserves could last approximately 30 years at current production levels
. More will be discovered, but not sufficient to keep pace with rising demand. Many producing regions (like the North Sea) have already passed the point of peak production and find themselves in inexorable decline. 
In response to rising prices, recent developments of unconventional oil from Canadian tar sands and Venezuelan oil shale, and new deep offshore discoveries could extend the oil age. But the challenge remains daunting: ‘approximately 3 million barrels a day of new capacity must be added each year, simply to maintain production at current levels – equivalent to a new Saudi Arabia coming on stream ever three years’
. Environmental concerns from its production in delicate ecosystems, such as offshore and wilderness locations limit its growth - the BP spill in the Gulf of Mexico now rivals spills like that of the Exxon Valdez in public concern. And the unconventional oils are dirtier both in terms of conventional pollutants and CO2, some of them rivalling or exceeding the carbon intensity of coal.
Natural gas will last longer: conventional reserves equate to over 60 years of current production
, and increased recovery from unconventional sources now seems likely to extend reserves dramatically.  Natural gas has the lowest carbon content of the three fuels, at 53kgCO2​​/GJ. A move toward gas from coal would help to reduce carbon emissions, but cannot solve the problem completely. 


Natural gas is a versatile fuel that could be used to provide energy in buildings, industry and transport. Difficulties arise, however in its transportation. It either requires large systems of pipelines from its relatively few places of production (25% of conventional reserves are concentrated in Russia) to where it is demanded, or systems of liquefaction and re-gasification terminals and tankers to carry it around the world as Liquefied Natural Gas.

Given the problems with fossil-fuel resources - carbon-related and otherwise - a move toward other energy sources looks increasingly desirable. But they too have limitations and drawbacks.

Nuclear power was heralded as the saviour of the energy system in the wake of the Second World War. But problems with the storage of the radioactive waste it generates, along with fears of proliferation of Nuclear weapons, and its history of underestimating costs, for both generation and decommissioning, have limited its expansion since its initial boom in the 1960s and 1970s. The fact that it generates no carbon emissions (at least in its operation), has made it an attractive possible option for a decarbonised world. Doubts remain, however, over many of the issues discussed and many are still sceptical about its operation.

Renewable energy resources abound: the amount of solar radiation that reaches the Earth’s surface is more than 10,000 times current annual energy consumption
. If we could harness all of the energy in the winds that circle our planet we could produce the energy we consume in a year in just a week!
. Energy exists and could be harnessed in the movement of water both across land (hydro) and at sea (tidal or wave power), in the heat under the surface of the earth (geothermal) and in the plants that surround us (biomass). 

The difficulties lie in capturing this energy and making it usable, and moving it to the locations where we demand it. Unfortunately many renewable resources such as solar and wind tend to be in places where we don’t use energy. The deserts offer the greatest potential for capturing solar energy, while winds are greatest offshore. Capturing this energy is thus only part of the challenge; moving it to sources of demand becomes important. Both solar and wind are intermittent, solar between night and day, and both wind and solar depending on weather and seasons. Coping with this intermittency to offer stable sources of energy is a huge challenge. 
Plants capture enough solar energy to be a tempting substitute for fossil fuels, but using more ‘biomass’ for energy raises questions about competition for land and water, at a time when population and other trends are still increasing pressure on food supplies. Biomass also faces environmental issues - both climate-related and other, such as tropical deforestation, impacts on biodiversity and shifting land-use.  

Moreover the costs of capturing renewable energy (with the exception of large-scale hydro-electric plants) are currently many times that of utilising fossil fuels. In most cases, technological development and innovation are required to make them more economically attractive.

Hence, the energy conundrum. There is energy enough to meet our needs, both from fossil fuels and other sources – in abundance. The oft-cited challenge that ‘China is bound to use its coal resources’ is no more sensible that saying that ‘India is bound to use its solar energy’: they are all choices. As the former head of OPEC observed, the Stone Age didn’t end because we ran out of stones. Given the problems around fossil fuels, the central question is whether we can be smart enough, quickly enough, to reduce our thirst for energy and to develop alternative supplies that people and countries want to use. That’s what the rest of this chapter, and book, is about.

The under-rated key to the challenge is energy efficiency. All ways of supplying energy carry problems, and cost money – there are no magic bullets. The first step to being smarter is to use energy more efficiently – so that the scale of all the other challenges becomes manageable.  So we’ll start our journey by looking at the scope to do just that. 
4.2 Energy use and options in Buildings
Buildings and appliances account for almost a third of all energy-related emissions globally.
  Keeping warm dominates the need in northern countries, keeping cool does so in more southern climes. For example in the UK, space heating accounts for almost 60% of domestic energy use;
 the share in the US is half that, but supplemented by half as much again for cooling
. 
Space heating and cooling requirements are similar for both commercial and domestic buildings, but homes use a lot more hot water (accounting for 12.5% of US residential use). The share of electricity-consuming activities increases – in the US, lighting accounts for 11.5% and electronics for 8% of domestic use
, but lighting accounts for a full quarter of energy use in commercial premises. With the increasing use of information technology and the electricity demands that that entails, electronics is now the fifth greatest user of energy in the commercial buildings in the US using about 5% of total energy.  

Amongst energy analysts the building sector is notorious for its staggering levels of inefficiency – and for variations between countries. The UK has been cursed by a buildings stock that leaks energy like a sieve. Visitors from Scandinavia, where they adopted strong building efficiency standards decades ago to make winters liveable, are shocked; and a visitor from Wisconsin in Canada couldn’t believe a UK home that had its hot water pipes running uninsulated outside the building – to heat the street, perhaps?  There are many reasons for the appalling energy performance of buildings in many countries, explained further in Chapter 10.  The tragedy is that things are only improving slowly, and many of the mistakes are being repeated in the scramble of urbanisation in developing countries, though in many of these cooling, not heating, may be the biggest waste from uninsulated buildings and poor equipment. 

Fortunately, over and above the basic measures of ‘good practice’ there are lots of additional ways to curb our energy wastage in buildings. Where it hasn’t already been done, installing insulation in cavity walls and loft space can dramatically cut the energy required for heating across northern latitudes. Modern control systems on the flow of air can cut heating and cooling requirements. The use of double glazing can have the same effect, with smart glass adjusting the amount of light and heat appropriate. Many of these options can be retrofitted to existing buildings. Simple measures such as limiting the number of appliances that generate waste heat in conditioned spaces can also help to reduce cooling loads.

For new buildings, modern architecture – often borrowing from the old – can design efficient building envelopes, and make more use of “passive” heating and cooling. Taking into account solar reflexivity, ventilation throughout buildings, and using evaporative coolers or radiant chilled-ceiling cooling, can all help to reduce the energy required for heating and cooling. 
The integrated impact can be staggering: combining efficient building envelopes with such measures has reduced energy for heat by factors of 5 to 30.
  Moreover, we can also do a lot about lighting – where traditional bulb technology has barely changed over a century, and only about 10% of the power consumed comes out as light.  Compact fluorescent lamps (CFLs) and new Light Emitting Diode bulbs consume a tiny fraction of this, and can pay back their higher purchase cost in a few years. As discussed in Chapter 11 their use is growing rapidly, with some countries phasing out traditional bulbs. Smart building design can also maximise the use of natural light. 

So don’t let anyone kid you that nothing much can be done about the big block of energy and emissions associated with the buildings we live and work in – good practice and modern technologies dangle the prospect of the biggest ‘free lunch’ on the planet.  The fundamental physics of energy flows – exergy analysis as explained in the Box 1 – also points to building energy use as the one with biggest physical potential to improve efficiency. The real challenge is in implementation, and in getting all of us to be smarter about it – the topic of Pillar III. 
Box 1 What is Exergy?

‘Exergy can be regarded as a measure of the usefulness or quality of energy.  Technically, exergy is defined as the maximum amount of work that can be produced by a stream of energy or matter, or from a system, as it is brought into equilibrium with a reference environment.  Unlike energy, exergy is consumed during real processes due to irreversibilities and conserved during ideal processes.’
Encyclopaedia of energy engineering and technology

Exergy efficiency can be defined as utilised exergy divided by used exergy. Estimates of exergy efficiency help to highlight how well (or not) we harness the ‘work’ we could get from the inputs into our energy system.  Globally we harness only about 11% of the total work available
. In moving ourselves we are better than average, harnessing about 17%. In producing heat for both industrial processes and for our buildings we are not as efficient, harnessing only 10%.  In industry as a whole, however, we are a lot better at utilising energy, with estimates consistently higher in this area than other end-use sectors, often reaching 25-30%
. In lighting, cooling and electronic services we are not very good at all, harnessing only about 2% of the potential work!  It does seem that we have improved slightly in the last couple of decades, with an estimate for 1990 putting the overall global figure at 10%
.  If we could capture some of this wasted work – through improving the efficiency of our devices, or capturing waste heat and using it productively, in say buildings, this would allow us to produce the same amount (or maybe even more) energy services using less energy inputs!

For the energy demands that would remain even after such measures, there are additional options. Because the heat required in homes is low grade (see box), it’s amenable to “upgrading” heat from outside with heat pumps. They work by moving heat from one place (for example the outside air or ground), to another (for example the inside of a building to be heated) – like a refrigerator or air conditioner in reverse. Already deployed widely in Scandinavia and increasingly the United States, they can easily deliver three or four times as much heat as the energy they consume.
 Moreover, they run off electricity – so they could pretty much complete the job of decarbonising building heating, if they can use low carbon power. 
The biggest technical challenge in buildings probably comes from the explosion in electrical appliances. Adding to the basic fridges, cookers and cleaning equipment, use of telecommunication, computer and entertainment equipment has mushroomed. Along with this their demand for electricity for these devices has grown rapidly.
   There remains a lot of scope for improvement. The most efficient appliances require two to five times less energy than the least
. Reducing power demand in both active and standby modes offers big opportunities to efficiency savings. The scope is more modest than for heat or lighting, but the ‘cost-effective potential’ to improve collective efficiency of appliances is still around 30% by 2020
. In the longer term the installation of IT into standard appliances such as washing machines and fridges could allow them to draw power mostly when it is cheap and clean – a part of the ‘smart grid’ discussed later. 
A world away, it’s technically even easier to improve biomass stoves widely used for cooking in developing countries; electric and even solar cooker alternatives bring not only greater efficiency, but also a myriad of health co-benefits from lower particulate matter and indoor air pollution that contributes to many deaths worldwide.    

And as the efficiency of energy use in a building improves, it becomes easier to use local renewable energy to supply what’s left.  Solar water heating is now widely used in Mediterranean countries. Solar photovoltaic panels can general electricity where they can be fitted to rooftops, and increasingly can be integrated in the external fabric buildings.
 

Combined heat and power plants can harness the excess heat from thermal electricity generation for use in space heating of buildings or even industrial processes. These plants vary in scale from city level installations that provide district heat through a wide system of pipes, such as in countries like Sweden and much of Eastern Europe, down to household level gas fired cogeneration and even fuel cells. Such systems have advantages in terms of efficiency as they utilise the waste heat of electricity generation, and if fired on biomass, large reductions in greenhouse gas emissions as well.

Although there are large efficiency gains possible in buildings today, through retrofitting insulation and glazing, efficient lighting systems, and improvements in appliance efficiency, along with mitigation opportunities through the deployment of biomass and renewable technologies for space and water heating, even further gains can be made if we switch to thinking of both buildings and urban areas as a system. Urban design itself can ease the deployment of district heating and cooling, and also reduce the need for energy-intensive transportation.  Creating living areas where homes, businesses and amenities are located together can also help to reduce journeys to work, school and shops. 
However, two dark clouds hang over this happy outlook. One is the whole behavioural dimension – why are we so wasteful, and what realistically can be done about it?  Pillar III in this book shows why it’s tough, but also how much can be realistically achieved so long as we abandon the idea that it should be simple – it isn’t.
The other problem is the sheer timescales involved. Buildings last decades or even centuries with estimates for turnover in the UK at under 1% a year
. Not all measures can be retrofitted – and many, only at some cost and inconvenience. This also means that there is a large danger of ‘lock-in’ to inefficient buildings. China is currently constructing approximately 2 billion square metres of new buildings each year - equivalent to 25 million average UK homes. India is estimated to build more buildings between 2008 and 2020 than it had in total in 2007
 (in contrast the US completed approximately 800,000 housing units in 2009)
. Much may hinge on whether China and India do it a lot smarter than most of the rich countries managed. 
A final issue surrounds how emissions ‘in use’ may compare with emissions embodied in constructing buildings. The buildings sector is a major consumer of some of the most carbon-intensive manufactured products, namely steel and cement, with construction utilising almost 50% of all steel in 2007
.  The carbon ‘embodied’ in an average UK dwelling has been estimated at 32tC02
 - implying approximately 800MtCO2 was emitted just to construct the UK’s housing, about 20 months’ worth of current UK national emissions. Thus truly zero-carbon buildings might imply more use of alternate materials like plastics or indeed wood – combined with action in the manufacturing sectors themselves. 
4.3 Energy in Industry
Industry represents the largest share of end-use energy use and emissions, over a third of the global total. Moreover, in stark contrast to buildings, there are several good reasons to be pessimistic about our ability to do much about it. 

Half of industrial energy consumption (and a bigger share of emissions) come from just four massive sectors, as shown in (Figure 4.5): iron and steel; cement; non-ferrous metals (mainly aluminium); and chemicals. If you want a measure of the scale, consider all the fuss made about flying, and note that just cement and steel production together emit five times as much as international aviation. Growth is surging, mostly in the newly emerging economies such as India, China and Brazil;
 in some projections OECD industry emissions may actually fall by 10% up to 2020. Many of the new facilities use the latest technologies, which may ironically suggest that the scope for abatement through better technology could lie just as much through improving existing plants in the rich economies - though there is no shortage of dirty old steel mills in Asia too. 
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Figure 4.5: Total Global Energy Use and CO2 emissions in Industry (2005) (Source: IEA
)
In these and other energy-intensive primary industries, energy is already a big cost – so if they could do much, cheaply, you’d think they already would have done so.  Also a surprising share of their emissions is due to process emissions – not the energy, but rather an intrinsic part of chemistry of conversion, notably of converting iron ore into steel, and limestone into cement. Largely overlooked in energy statistics, these add almost 30% overall to the energy emissions of these sectors – one eighth of the overall industry total.
  The industry tends to throw up its hands and say there is nothing physically that can be done about the process emissions, and there’s not a lot more they can do about their energy consumption – a view largely supported by exergy analysis (see Box 1).  They have a point. An additional complication is that many of these commodities are quite widely traded – so if one region tries to jack up the cost of carbon, industries might simply migrate to escape the controls. In stark contrast to the huge potential in buildings – which also don’t migrate - it’s a bleak picture.  

Well, not quite.  A major theme of this book is that we can do a lot about industry emissions, given time and intelligent policy. 
But let’s start with some of the technical aspects.  Given the wide variety of industrial activities, there are both industry-wide options and some tied to specific sectors. Options to improve energy efficiency comprise 

· Choice and optimisation of technology

· Improvements in operating procedures and maintenance

· Improvements in capacity utilisation

Industry-wide options. There is large scope to improve electric motor systems, with estimates suggesting these could save close to 100MtCO2​/year in each of the EU
 and US
.  Bigger savings still might be made by recovering heat from some industrial processes and feeding it into others (often in the form of steam), and also through more advanced heat storage and transfer technologies.
  In a similar vein, there is still much greater scope to use plants that cogenerate electricity and heat, thus utilising heat that would otherwise be wasted. 
There is also scope to switch fuels: switching coal to natural gas as the input fuel might cut industrial CO2 emissions by 10-20%
. Tapping more methane from landfill, waste material or biomass could amplify the resulting savings.  This is well established in some industries - for example wood waste in the Scandinavian pulp and paper industries. Cogeneration using bagasse - the remains of sugarcane after the juice is extracted in the sugar industry – is becoming the norm in the Brazilian ethanol industry. 
But what about some of the biggest, toughest sectors? 

Iron and Steel 

Iron and steel production is the biggest energy user and emitting industrial sector. Steel can be produced through blast furnaces where iron ore is reduced to iron, using coke or coal the processed into steel. The processing into steel involves reducing the carbon content of the pig-iron, resulting in CO2 emissions as part of the process in addition to emissions resulting from the generation of heat in the furnaces. Blast furnaces account for over two thirds of global steel production.
 
Electric-arc furnaces, in contrast, melt scrap to produce crude steel, which can then be reformed into various different products. These plants - which account for close to a third of global steel production
 - use only 30-40% of the energy of blast furnaces, with the associated emissions depending on the source of the electricity. 
A third form of production involves the production of direct-reduced iron using a reducing gas produced from natural gas or coal. This produces a form of iron which can then be used in electric-arc furnaces to complement scrap steel. The use of direct-reduced iron (CRO) can result in a 50% reduction in CO2 compared with primary steel
.  A caveat should be added here, however. India’s steel sector for example has a large share of small, inefficient coal-based DRI units, coupled with an electricity sector dominated by coal generation.
  Only a move toward efficient gas-fired DRI plants, and electric-arc furnaces powered by low-carbon electricity systems offer large abatement opportunities although opportunities may be limited due to the long-lifetime of existing capital and the nature of steel produced. A move to even greater emission reductions in the sector requires more radical options. 

Large emission savings are possible if the heat used for recycling scrap steel can be saved. A move toward re-use of steel rather than recycling can cut the need for heat for recasting of the steel. If steel can be extracted from buildings without it being damaged then it can be re-used for new buildings. This would require developing a supply chain for such steel and also the creation of deconstruction plans for buildings so steel can be extracted in future
.
Even with such moves, however, steel production is still likely to be a significant energy user and emitter. Carbon Capture and Sequestration (CCS) is a technology that has been discussed more in the context of electricity generation, but may have long-term application in industry, including in steel. The technology takes the CO2 out of exhaust emissions, and stores it geologically either in the ocean or in mineral deposits.  In steel the installation of CCS to blast furnaces or DRI plants could make these processes low-carbon, with estimates this could save 0.1GtCO2 by 2030
.  CCS is however an unproven technology with considerable economic and political barriers to go through before it can be mainstreamed, meaning it represents a long-term rather than a short-term option.
Cement 

Producing cement is the third biggest energy user and second highest emitter in industry. Heating limestone in a kiln drives off CO2 to leave clinker – nodules which are subsequently ground with gypsum to make Portland cement, which in turn can be blended with other materials. 
Various energy efficiency savings are possible. Moving from out-dated wet process clinker kilns to dry-rotary kilns has cut energy and emissions, yet the former are still common in many developing and emerging economies. It has been claimed that modern rotary kilns are approaching the physical limits, however. The bigger opportunities lie elsewhere.

Until relatively recently, fossil fuels provided almost all the heat, and clinker was rarely considered separately from the cement that it was then ground into.  But the process is amenable to any source of high-grade, and cement plants have begun burning tyres and other wastes, or biomass, to cut their CO2 emissions. Meanwhile, operators have explored ways to make cement various blends of clinker with other products such as blast furnace slag or fly ash from coal power stations. Under the incentives produced by the EU ETS, discussed in Chapter 8, using more of these alternative products has reduced both the energy-intensity and carbon emissions with of cement manufacture in Europe.  The potential for cutting emissions has now been estimated at 30%.
 
More radical long-term solutions are also being considered. CCS could also be applied to the kilns of the cement industry in a similar fashion to their use in steel, offering large long term mitigation possibilities.  More radically, geopolymer concrete, with cement based on fly-ash, avoids the emissions associated with clinker altogether is starting to emerge in niche markets.  ‘Eco-cement’ that utilises magnesium oxide in the cement mix actually absorbs carbon dioxide from the environment in the first year of its use. 
The patterns evident in iron and steel and cement are common to other industrial sectors. A range of short-term substitution of both inputs and processes and energy efficiency measures are available in a number of sectors. There is scope for increasing electrification of some processes. Moving the production of hydrogen, an important input in oil refineries and ammonia and chemical production toward electrolysis rather than the gasification of fossil fuels may offer emission savings should a low-carbon power system be in place, but may increase overall electricity demand further.

CCS has possibilities should it become a widespread commercial technology. A switch to oxy-fuel combustion for combustion processes would create CO2 rich steams that are more suitable for CCS. Implementation of these technologies offers major scope for emissions reductions – estimated at one quarter compared to ‘business as usual’ by 2030, though with wide uncertainties on the overall potential trends.
 

Greater savings potential in industry may become available with a move toward material efficiency alongside energy efficiency. The mantra of ‘Reduce, Reuse and Recycle’ has been prominent in waste management campaigns for years. Reducing the amount of carbon-intensive commodities we use in constructing buildings, cars and the materials around us offers great scope for cutting emissions. Reusing existing products, as in steel, could grow in importance. And increasing recycling usually materials helps to reduce energy and emissions – with an extreme example being recycled aluminium, which uses just 5% of the energy needed to produce new aluminium. Recycling possibilities also exist in sectors such as glass. And there may be surprising linkages, as indicated in Figure 4.6. 
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Figure 4.6 The complex world of manufacturing
For remaining raw production requirements, we cannot rule out radical innovations. developments in production technologies, as with inert anodes in aluminium that eliminates process emissions, although this is still at a research stage and not expected to be commercially viable before 2020 (The Aluminium Association 2003
). Magnesium-based cement offers an even more radical vision, of turning one of the biggest emitting sectors into a source that sucks CO2 from the atmosphere and locks it away in our buildings. 
The key to unlocking such potentials is good policy: policy to foster innovation, and policy to ensure that the full supply chain reflects the cost of carbon and is open to new and innovative entrants, reuse, and recycling. Responding to that challenge is one of the core themes of this book. 

4.4 Energy in Transport

Alongside keeping warm, using gadgets and consuming materials, our desire to move people and goods around has continued to expand. Energy demand for transport globally, and associated emissions, has roughly doubled alongside other uses since the 1970s, now accounting for around 7GtCO2
. The oil price shocks of the 1970s which drove oil out of many other uses had little sustained impact on transport; oil’s sheer convenience as a transport fuels has largely withstood all attempts to find alternatives. 

Road transport accounts for around three-quarters of all transport energy use, with aviation and shipping at about 10% each. Rail and other modes consumer far less (Figure 4.7).  About two-thirds of road transport is for passengers, the rest for goods
. 
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Figure 4.7 Global energy use in transport 2007 (Source: IEA
)

The general expectation is that transport use will continue to grow rapidly, as Asia in particular aspires to western levels of mobility, swamping any increase in energy efficiency or alternate fuels.
  
Box 2 Emissions from aviation and shipping

Emissions’ from aviation is a much-discussed and publicised area. Yet it represents only a tenth of carbon emissions from the transportation sector. Aviation, however, also releases large quantities of Nitrogen Oxides – a group of potent greenhouse gases, along with light-absorbing aerosols, and also black carbon
. Further the altitudes that these gases are released at is thought to have a greater than proportional affect on the climate.

The real problem with aviation is the potential future rate of growth in aviation and the relative lack of mitigation options available in the sector. Many scenarios show strong growth in both demand and emissions from aviation in the short and medium terms, despite further efficiency improvements in the sector, again growth in the emerging economies is likely to cause major overall increases in emissions from the sector. CO​2 emissions could increase four-fold between 2000 and 2050
.
Aviation is also closer to the technological frontier than many other sectors, and runs into problems of the fundamental physics of flying. Planes use about half of their energy in just keeping in the air, with the other half being used to propel it between A and B. Planes are also optimised to operate at their most efficient speed so just imposing speed limits doesn’t have great advantages. All of this reduces the potential abatement options. A switch to alternative low-carbon liquid fuels may be possible in the long-term with next generation bio-fuels or hydrogen possibilities. In the short-term abatement options come from efficiency improvements, difficult in an industry which is at the edge of technical efficiency, or from simply flying less.  In the long-term new technological options will need to be found to help reduce carbon emissions in this growing sector.

Shipping represents a similar percentage of global emissions as aviation but generally receives far less attention. There is greater scope for emission reduction efforts here with estimates of short-term abatement potential of 1-40% of carbon abatement through operational measures such as speed reduction and load optimisation
.  Moves away from diesel fuels to initially natural gas, but in the longer-term to biofuel, solar panels, or large sails or high-altitude kites offer scope for mitigation. These options require technological development but are feasible solutions when looking toward 2050.

In some ways, cars are a bit like buildings in terms of the policy characteristics. It’s a personal issue – around the behaviour of all individuals.  And although vehicles may only last a decade or two (though many last longer), the infrastructures lasts many decades - or more likely centuries. One difference is that outside North America, most consumers already pay a high price for transport including high taxes to try and curb national oil dependence (Chapter 7), with limited success to date – something which casts doubt on the effectiveness of “pricing carbon” alone.  
Creating low-carbon transportation depends on technological progress in using low-carbon carrier fuels, be that electricity storage or hydrogen. The indirect emissions may also matter: California’s push for ‘zero emission vehicles’ in the 1990s, from a climate perspective became dubbed ‘elsewhere emission vehicles’ because of their dependence on coal-based electricity. The energy and emissions associated with making the steel, and batteries, also matter.
  
There is however progress and possibilities that act as an antidote to such gloom, to some degree across all three of the possible approaches: improving efficiency, travelling differently, and changing fuels. 

Transport efficiency. The Exergy approach (Box 1) underlines that it really shouldn’t take so much energy just to move weight from one place to another. Despite improvements, most cars remain very inefficient – as any comparison, between countries and models, shows. 
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Figure 4.8: Miles per gallon countries, models and standards (Source: EPA, ICCT) 
As we might expect the miles per gallon of the US fleet is far below that of either the EU or Japan, and even the targets the US has set for 2015 still leave it far behind (Figure 4.8).  The EU’s proposed 2020 target takes it beyond even the miles per gallon of the Toyota Prius, with only existing electric vehicles such as the Nissan Altra, or concept vehicles such as the VW L1 above the target. The savings made from improving the efficiencies are not insubstantial. A standard of 95g CO2 per km, only slightly higher than that of the EU’s current target of 120g/km, could realise 110Mt of CO​2​ savings by 2020. Should the US introduce standards that are 20% more than current ambitions, savings of 130Mt of CO2 could be made by 2020
. 
Moving towards diesel, which can cut GHG emissions by 15-30%, can help; small efficient diesel cars, such as the VW BlueMotion series can offer greater miles per gallon than hybrids such as the Toyota Prius. The biggest savings though come from cutting weight and frontal area, with “concept cars” easily doubling or trebling energy use – some of them moving towards production.
  Key constraints include not just desire for size and power, but also safety concerns about the vulnerability of light cars in accidents. 

Driving habits can also make a surprising difference. Cutting speeds reduces energy consumption, as does smoother acceleration and braking, maintaining correct tyre pressures or switching off engines while idling. If just 1% of drivers in the UK were trained to eco-drive annually reductions of 0.3MtCO2 could be achieved by 2020
.  Merely enforcing the UK’s current speed limit could deliver savings of 1.4MtCO2. 
The cost and potential impact of efficiency improvements differs dramatically across the world due to the large disparities in starting point and fuel prices, driven by different levels of taxation. However given the personal preference constraints on improving efficiency, continued reliance on oil-powered road transport is not compatible with either resource or climate constraints. Something more fundamental has to change. 

Travelling differently: modal shift 

‘Modal shift’ means travelling in different ways.  In theory, for short distances many car journeys can be substituted by either cycling or walking – with potential health and other benefits from the reduced local emissions, congestion and of course the exercise: in the UK almost a quarter of car journeys are under 2 miles
. However such journeys account for a much smaller share of the total energy use, and the scope to shift obviously is limited by behavioural factors and urban design. As with homes, there are very long-run benefits to be had by incorporate energy and carbon concerns into urban development.

For journeys of medium-distance, the long trend shift from railways to cars has reversed in Europe, with the advent of high-speed trains – something identified as a substantial abatement opportunity for both passenger and freight traffic.
 The incentive is both environmental and commercial, cutting travel times between major centres, and indeed helping to establish the political hub of Europe as the network of cities London-Paris-Brussels-Amsterdam-Koln, now all linked with around two hours travel between most. A high-speed line linking London to the UK midlands will further the network, though it also illustrates the timescales of such developments: unlikely to become operational until 2025 at the earliest.   

The scale at which such modal shifts can occur is limited by social and behavioural inertia, the design of our urban spaces, and the long time spans that developing the new forms of infrastructure that a different transportation system requires. Still, the development of such networks is now acknowledged as almost the only thing to make a real dent in short-haul aviation, with high speed trains becoming the preferred mode of travel for distances up to about 400km
.   

Fuelling differently 

The limitations on vehicle efficiency and modal shifts imply that really big changes require new fuels. Some options – like many biofuels – require little change to vehicles. Some involve bigger changes to engines to run on range of different combustion fuels. Natural gas can be transformed into a range of fuels, varying in the extent to which either the fuel or the vehicle is transformed.  The most radical and interesting options involve moving to electric motors and drive train - bringing the possibility of regenerative braking (storing and re-using the energy of braking), and opening up transport to a wide range of low-carbon energy sources.
A few years ago there was a lot of excitement about hydrogen, using on-board fuel-cells to convert hydrogen to electricity, producing only water vapour as waste. These cars would use hydrogen as a carrier technology.  Electricity from power stations would be used to produce hydrogen using electrolysis, which could then be carried in cars, and converted back to electricity to drive motors as it was required.  In this sense hydrogen would compete with electricity as an energy carrier.  However transporting large amounts of hydrogen is not easy, neither is creating an infrastructure to produce, pump and distribute it. A low-carbon electricity system is also a pre-requisite for low-carbon hydrogen.  All of this raises the question as to whether hydrogen is a better carrier than electricity – since both technologies involve electric drive trains and require the creation of a low-carbon power system.  The removal of removal of funding for research into hydrogen in the US’s 2010 budget underlines the doubts and diminishes the prospects for breakthroughs.
Electric vehicles have faced the combined obstacles of limited range and the lack of refuelling infrastructure. The most exciting developments have been in the emergence of hybrid electric cars; vehicles such as the Toyota Prius and the Honda Insight utilise both a traditional internal combustion engine and also an electric motor, powered by electric batteries. Hybrids are still a niche market, with high prices, but help to remove the ‘range-anxiety’ associated with electricity cars: as hybrids have both electric batteries and a traditional motor, should the batteries run flat, the motor can kick in and extend the range. With new hybrids still in the range of $30-40,000, costs need to fall for them to reach much beyond rich or niche environmentally conscious consumers. However Hybrids could represent approximately 30% of all sales by 2020.

A switch to all-electric cars is still a long-term option; the cost and size of batteries must be further reduced, and infrastructure for charging and re-charging, or for battery swapping, needed for electric cars to become mainstream. The key is that hybrids offer a natural next step - to enable plug-in charging, all-electric cars entering increasingly thereafter as technology and infrastructure develop, facilitating continued innovation which could culminate in fully electric vehicles.
 In some countries it might also be possible to approach the transition from the opposite end – adding plug-in to electric bikes and scaling them up to look more and more like motor cars.[Any data on this?] 

Chapter 6 illustrates how the ability to innovate the technology and infrastructure has been key to major technological transformations – and what this says about the potential transport transition. Moving towards electric-based transport could yield multiple benefits, as we will see later. The most striking reasons for pursuing this transition in transport technologies, however, comes from a quick look up the fuel chain, at the options for continuing with liquid fuels. 

4.5 
Liquid fate 
Despite all the interest in other vehicles, moving away from liquid fuels will be hard for two reasons: they offer the most convenient, dense way of storing energy on board vehicles; and the system is designed for them.  Even if there is an electric transition, 

the constraints on the pace and scale of it suggest that large quantities of liquid fuels will still be required to power transportation over coming decades. 

But conventional oil is limited, as indicated above. Most of the evidence points to global production peaking this decade; the optimists push “peak oil” a decade or two further back. Existing provinces are declining; periodic disasters further constrain the likely scope to enter untouched provinces like the Arctic; geopolitical tensions loom large in the calculus of national governments. What other options do we have?

The line of least resistance probably follows a path to massive investments in unconventional oil from tar sands in Canada or oil shale in Venezuela along with increasing amount of offshore deep-sea drilling, in order to meet the demand that is unmatched by declining levels of conventional oil. Even if the demand for liquid fuels were constant, such a path would increase emissions of CO2 and indeed many other pollutants – converting unconventional oil sources to useable gasoline can add 25% to emissions compared to a standard barrel of oil
.  The costs are much higher than conventional oil, though they are declining with investment; and resources are limited, and geographically concentrated, just like their conventional counterparts. 
Or we could massively increase our use of biofuels; but this also faces major social and environmental challenges, as indicated in discussing the resources earlier in this chapter. The extent to which biofuels reduce greenhouse gases can also be quite varied, depending on the nature of the fuel and of the changes in the land that the crop involves; the current stock of ‘first generation’ biofuels are limited in efficiency in benefits particularly where pursued as an agricultural support policy, as practiced in North America and Europe. More advanced biofuels may help to alleviate a number of these concerns, most notably those that utilise waste biomass, such as stalks or husks, by-products of current food production, or energy-only crops such as miscanthus – ‘mainstream’ biofuels that minimise competition with the human food chain. These are also limited by resource and the all-round conversion efficiency.  

In practice, we are seeing – and will see – a lot more of both these activities: heavy and unconventional oils, and mainstream biofuels based on conventional, land-based crops. Both are becoming big industries, spurred on by the oil prices that are high and set to rise further in periodic bursts of global market instability.  It is perhaps ironically symbolic that a mid-term competition seems to be emerging between dirty fuels in the industrialised countries, and cleaner fuels from the developing world, symbolised by Canadian tar sands and Brazilian ethanol respectively. But the fact is that neither offers a global way out of the tightening noose of oil constraints. In themselves they can only defer, not avoid, the day of reckoning. 

This is illustrated in Figure 4.9, which uses reasonable upper limits of unconventional oil and mainstream biofuel supplies. This implies huge growth in both options. Even these, combined, fail to meet demand by mid-Century. And taken together, they probably imply a transport sector that is as carbon intensive as today, split between fuels that are on average in the region 50% worse and 50% better. 
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Figure 4.9 Projected Demand and Supply of liquid oils

Of course, this does not exhaust the possible options. Further down the path towards more and more carbon-intensive fuels, we could move beyond the constraints of unconventional oils to embrace coal-to-liquid technology, thus opening up global coal resources for the transport sector. The technology is broadly known; the scale of investment, and the damage to both local and global environments, would be staggering.  The carbon damage could be moderated by gas-to-liquids technologies, but the conversion also adds to costs and emissions compared to alternate gas uses. 

Or, we could further pursue biofuels towards more radical innovations, for example with GM crops and other avenues, of which probably the most appealing would be algae perhaps growing in salt water – farming the seas to grow oil.  This would involve equally prodigious scales of investment, more radical innovation, and perhaps wider environmental uncertainties, but it would move the world towards stabilising rather than destabilising the atmosphere. 

Neither makes much sense without recognition that the efforts on unconventional oil and present biofuels are mostly buying time for transition to an electrified transport systems – of which the climate impact itself would depend upon the nature of and inputs to the electricity system.                               
Transport and liquid fuels are thus the fulcrum upon which the world’s long-term energy systems will hinge – or collapse. It illustrates in the most stark terms the broad theme of Chapter 3 – there is no well defined, minimum cost future against which we can estimate the costs of cutting emissions, or changing technologies. The system itself must anyway change, on a grand scale. 
Probably, the path of least resistance leads to escalating investment in carbon-intensive systems: more remote oil, through a short era of unconventional heavy deposits to a coal-based synfuels future – or indeed, coal-based electric future.  Or we can move toward a low-carbon system utilising biofuels as a bridging option until electric-cars become feasible, whilst decarbonising the electricity system that can power it.  Economically, we have no way of knowing which is economically more costly: there is too much innovation, infrastructure, and uncertainty involved. All we know is that neither path is cheap, but one will pose far more risk to the planet than the other. 

Indeed, these two quite distinct paths do more than illustrate the theme of systemic uncertainty from Chapter 3. We might instinctively assume that uncertainty implies some kind of “normal” distribution – a future in which the cheapest paths cluster around some central trajectory, a ‘best guess’ that involves, for example, middling levels of environmental impact.  
Wrong. Probably the leading effort in global energy systems research, by the International Institute of Applied Systems Analysis, found the opposite.
 When they modelled the intertwining nature of resources, innovation, and infrastructure, they found global energy futures falling into two main categories - defined by the path that the world takes as it grapples with conventional oil depletion. We can concentrate investment, infrastructure and learning around various high carbon systems – and learn how to create such futures more cheaply.  Or we can concentrate our efforts on low carbon futures – learning how to develop these options and systems more cheaply (Figure 4.10).  
The most expensive thing to do is likely to be to muddle around in the middle – or bury our heads, until a series of energy crises force the world economy to fall off the narrowing ridge of dependence on conventional oil. This default, quite apart from the geopolitical traumas, would probably imply remaining locked into liquid fuels systems that would be most likely to force us anyway down the higher carbon road – just an even more expensive, less well planned way of messing up the global environment.  There could hardly be a more stark choice about the shape of humanity’s relationship to natural resources in the 21st Century. 
Figure 4.10: Global energy costs versus emissions – How much might a  ‘cheapest’ global energy system emit?
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(a) Results from global systems modelling with rich technology systems and learning effects

Because of its seductive dependence on liquid fuels, transport is perhaps the toughest of all the sectors to tackle in creating sustainable energy futures. Efficiency improvements can help, but technical limits kick in. Large modal shifts away from road transportation seem unlikely, indeed growth in the emerging economies seem likely to push car use ever higher. Electric cars, and fuel-cell vehicles are making headway but are unlikely to play a big role much before 2030. Biofuels offer the best bet for bridging supplies, but at least the mainstream options cant realistically sustain burgeoning global transport beyond that. Ultimately, there is one unifying theme that maximises both energy efficiency and the range of clean energy sources on offer: even if mediated through hydrogen, transport must ultimately electrify. 
4.6 Electricity Futures
Looking back at Figure 4.1 we have now examined the options that are available for providing the end-use energy services, and a common theme emerges: 
· Direct fossil fuel use in buildings is likely to reduce as better insulated buildings require less heat. But the growth of IT and household goods is harder to contain, and as heat demand declines, electric heating – ideally through heat pumps – becomes more feasible and efficient. Buildings are likely to use less fossil fuels, and more electricity. 
· Industrial use of direct fuels is also easier to contain, and could decline as systems improve to increase materials efficiency and the use of recycled materials – many of which usually require electrified processes like electric arc furnaces.  

· A sustainable path for the transport sector, as we have discussed, is most likely to involve electric vehicles. 
In short, all three end-use sectors seem likely to rely more and more heavily on electricity – the carrier of convenience. Indeed, electrification was a trend throughout the 20th Century, and it seems likely only to extend further in the 21st Century.  These trends further raise the importance of the electricity system in the decarbonisation challenge. 
Indeed the importance becomes even clearer when we examine baseline scenarios that attempt to look at business as usual activity without taking into account the greater changes that we have discussed. Under current conditions demand for electricity is likely to soar out to 2030, with estimates that it might increase by up to 70%, driven by growth in the emerging economies. Without controls much of this demand would be met by existing fossil fuels, predominantly coal, implying massive growth in emissions, by perhaps as much as 60%
. 
Even in scenarios where emissions are stabilised electricity demand may still soar as, despite large efficiency improvements, sectors shift toward electricity as an energy input. Electricity demand could still increase by approximately 50% under such conditions, with the electrification of transport, and the rise of China, whose demand could still double by 2030 under such scenarios

The scale of these demand increases makes decarbonising the power sector extremely challenging. In 2007 the world generated nearly 20,000 TWh: this is estimated to rise to over 50,000 TWh in both conventional and mitigation scenarios by 2050
. 
We can temper the scale of the challenge by improving the systems. Approximately 15% of electricity generated in 2007 was lost before it even reached the final consumer through the electricity transmission and distribution system. These losses are more severe in emerging and developing countries with estimates of losses in India from transmission and distribution between 23-50% of generated electricity.

Beyond losses the nature of current electricity demand also means that we need a lot more than the theoretical 2.3 TW
 of generating capacity we would require to supply 20,000 TWh on an even basis. In fact installed generation capacity in 2006 was just over 4TW to supply a demand of 17,000TWh.

This reflects the variable nature of electricity demand. With storage difficult and expensive, different peaks - in different seasons and at different parts of the days - require extra generating plant to meet these peaks. Plants often run at less than peak capacity. Renewable technologies like solar and wind add to the variability, and their dependence on the elements means that average output may be a quarter of the notional ‘capacity’. 
Reducing losses from transmission and distribution, smoothing out the peaks in demand, and finding ways to tap into energy storage, carry multiple benefits. These objectives are driving the development of smart grids, especially in the United States
. Smart grids can come in a number of forms, and stages. Smart meters are being installed in many households and business in the UK, which is committed to rolling out these meters to all households by 2020. The meters do provide consumers with information that can help to incentivise energy efficiency improvements (on which a great deal more in Pillar III), and also allow micro-generators to sell excess power back to the grid.
The final evolution envisaged is one where smart appliances can ‘talk’ to the grid via smart meters and power themselves when power is cheapest. The electric car in your garage will be able to charge itself when prices are low, storing any excess from solar panels built into your house, selling it back to the grid at peak times. Integrating IT and superconducting cables powers into transmission and distribution systems would also allow losses to be slashed.  
Evolution towards a ‘smarter’ grid may take different forms in different places. Eradicating the huge distribution losses in India through a switch to High Voltage Distribution Systems is a realistic short-term option
, for example. 
Smart grids, smart meters, improved generation and distribution efficiency, and integration with embodied storage in end-use applications, are all crucial parts of the challenge in decarbonising the power sector. They help to reduce the scale of the challenge and the amount of new low-carbon generating plant that is required, and to increase the capacity of the system to absorb new types of power.
4.7 Electricity without carbon
Now that we have seen the importance of decarbonising the power sector in achieving emissions targets and enabling low-carbon transitions in buildings, industry and transport, how do we start to tackle the problem? What forms could new low-carbon generating plant take?

In a similar fashion to the buildings, industry and transportation sectors there are a range of short-term options that are available today, and a further set that are likely to emerge in the next twenty years that could be available to help us meet the challenge up to 2050.

The options available fall roughly into three categories, fuel switching within fossil fuels, chiefly from coal to natural gas, renewable technologies, and other low-carbon options, mainly CCS and Nuclear.
Fuel Switching

Fuel-switching from coal to gas provides clear carbon abatement opportunities in the short-run and has indeed been one of the major abatement options incentivised by the European Union’s Emission Trading Scheme (EU ETS). Carbon emissions from natural gas-fired generation are about half that of coal-fired generators
. Gas combined cycle turbines (CCGT) are now a relatively mature technology, with relatively low capital costs and short construction times. They are attractive options to investors who are uncertain about the future. 
Switching from coal to gas however can only play a short-term role in the challenge. Gas plants still generate significant emissions and due to the difficulties in transportation, despite the rise of liquefied natural gas (LNG) that can be transported using tankers, are only options in certain locations. 
There is also a danger of lock-in from a global ‘dash to gas’ as  Combined Cycle Gas Turbine plants have life spans of around 30 years
, locking the world into carbon-emitting infrastructure for the next few decades.
Given that gas can only be a short-term, interim solution, low-cost low carbon renewable technologies are likely to form a crucial part of the challenge of decarbonising the power sector. They form an increasing part of the power system today, with production from non-hydro renewables almost trebling between 1990 and 2007
 although still only representing 2.5% of total generation. Many scenarios project their extremely rapid growth over the next 30 years, for example the IEA project that all renewable sources including hydro could account for 46% of all generation by 2050
. 
Renewables

Mature renewable technologies are likely to dominate in the short term. Hydro-electricity represents a mature and relatively cheap (depending on the site) technology. Hydroelectricity plants date back to 1882 and although large scale hydro dominates total generation, small scale run-of-the-river plants are increasing in number in many locations worldwide. By 2030 hydroelectricity could increase by 21% with new large and small-scale plants under concerted stablisation efforts in comparison to business as usual conditions
, reaching 17% of total electricity generation in 2030 up from 15% today|
. A limiting factor of future growth of hydro may also help to show the future of other renewable technologies: many of the suitable, large, easily exploitable generating sites have now been exploited making future expansion more difficult. 

Large hydroelectricity generation raises a range of social and environmental issues.  The construction of large reservoirs often in remote locations can have implications for rural populations in the affected areas
. Hydro may not be completely zero-carbon as the flooding of vegetation in the creation of the reservoirs can lead to generation of methane, a greenhouse gas which is 25 times as potent as Carbon Dioxide. 
Wind power both onshore and offshore is an emerging technology that has grown quickly in recent years. Onshore wind is by far the more mature of the two options with wide deployment in Europe, especially in Denmark and Germany, in Asia increasingly in China, and in the United States. Wind plays a crucial role in many stabilisation scenarios, potentially growing from 5% of total generation growing from less than 5% of total generation today to almost 7-10% by 2030
.  
Post-2030 onshore and offshore wind could play a substantial part of many nations electricity systems, depending on resource availability and solving issues surrounding maintenance of offshore wind facilities perhaps reaching up to17.5% of global electricity production by 2050
. Some wind industry scenarios are even more optimistic with forecasts up to almost 30% of generation in 2050
. 
Problems of large wind penetration need to be addressed however. Wind is an inherently intermittent resource: power is only generated when the wind is blowing, and a wind farm will only very rarely generate its maximum capacity. If the majority of wind farms in a system face similar wind patterns then electricity supply may suddenly drop off as the wind falls. Solutions to this include the development of quick-start back-up generation that can take over from wind, energy storage or connecting systems to areas which face different wind patterns
. Options for the first often focus on gas-fired generation; energy storage is currently possible using pumped storage and hydro electric plants. A transport system dominated by electric cars could help here, with the batteries in the cars offering distributed storage.    
Solar generated electricity has been touted as having huge potential for many years, not least due to the relative abundance of the resource world-wide. Two main methods of generating solar-based electricity are emerging. Photo-voltaic cells directly convert sunlight to electricity current, while Concentrating Solar Power uses mirrors to concentrate sunlight to heat up water or other fluids into steam which can then run a traditional turbine. PV currently comes at high costs and thus is only economic with some form of support such as through the feed-in-tariffs in Germany and Spain. Learning in their construction however has reduced prices rapidly recently, and if continued could lead to their wider deployment across the world. 
Concentrated solar power (CSP) plants are starting to emerge in locations in Spain and the United States. The technology would seem to have cost benefits over PV as it only requires the installation of specialist mirrors which have lower costs than the silicon based PV cells. In Europe there has been much discussion in investing in CSP plants in North Africa where the solar resource is abundant, and transmitting the power back to Europe using HVDC cables. The Desertec Initiative which includes a large number of European and North Africa companies have a proposal for developing 17,000km2 of the Sahara Desert with CSP, PV and Wind farms that could provide up to 15% of Europe’s electricity. Such schemes may bring co-benefits to such locations as the water used for cooling mirrors can be utilised in irrigation projects supplying crops from both domestic use and export.     

Solar has huge potential for future growth if cost reductions are significant enough. However despite the expected rapid growth, up to 2030 they are likely to form only a tiny potential of total electricity generation, maybe reaching only 1-2% of the global share from both PV and CSP by 2030
. Looking forward to 2050 both PV and CSP could play substantial roles. By 2050 solar could play a significant role in total generation with some estimates that PV systems on buildings could generate three times more electricity than thermal systems
. Uncertainty is high, with estimates for the total energy from solar in 2050 varying by a factor of 10
. 

Other mature renewable technologies such as geothermal and biomass already play a key role in countries such as Iceland and Sweden. Their wide deployment is likely to be hampered by lack of access to resources, and thus although they may play significant roles in some areas, their global deployment is likely to remain small
. 

The use of biomass with coal in power stations is being investigated as one way to integrate renewable power into existing infrastructure but even with this technology their overall share is likely to remain in the short term. The development of second or third generation biofuels and advanced geothermal technology post-2030 means that these technologies could play greater roles in the long-term but much innovation is required. 

A combination of hydro, wind, solar, geothermal and biomass energy can play a huge role in providing a decarbonised power sector, both up to 2030, and especially up to 2050. The development of more advanced renewables such as tidal, wave and ocean current generation may also play a role in the long-term after more research and development. However renewables are unlikely to be able to provide all or even the majority of power in the short and medium term. In total the IEA estimate that they could provide 37% of generation by 2030, leaving a substantial share for non-renewable technologies. So what other low-carbon technologies may be available?

Our other low-carbon options

There are two main options, a deployment of nuclear power, or the development of Carbon Capture and Sequestration (we have already seen how the latter can play a key role in the long-term in industry) for either coal or gas generation.
Nuclear power already provides approximately 14% of generation worldwide
 and provides a significant share of total generation in some countries, notably France where it provides 77% of electricity. The history of Nuclear power has been intertwined with the history of nuclear weapon proliferation and political factors and safety concerns have been crucial in the boom and bust of nuclear power station construction.  
As nuclear is a mature technology that can provide low-carbon, near continuous power it is seen by many as a crucial option in complementing intermittent renewable generation and providing the remaining share of low-carbon power generation. Nuclear could account for almost 20% of total generation capacity by 2020, for which the build-rate is not unprecedented, as the 1970s burst of construction in France shows, where Nuclear Power increased 10-fold between 1970 and 1980
. 

Nuclear power comes with a whole host of problems not least a history of underestimated costs and hidden subsidies and the problem of safe disposal of highly radioactive waste. The development of next generation reactors such as accelerator-driven subcritical reactors can help to solve the latter issue, though these are still in the research and development phase. The much-vaunted development of Nuclear Fusion still looks a long time away and is unlikely to become an option even by 2050.
CCS technology has the potential for providing electricity using the same fuels today but in a low-carbon fashion. By filtering CO2 out of exhaust gases and storing it underground in mine-sites or offshore aquifers coal and gas generation could be consistent with low-carbon power system in the medium and long-run. The technology has been used in alternative applications for many years, chiefly the capture and storage of carbon dioxide on offshore oil and gas in Norway and the use of Carbon Dioxide as an injector into oil fields to improve oil pressure from declining wells. The technology has only just started to be demonstrated on power-generation plants in Germany and China, an important step towards more wide-spread deployment. 

CCS is likely to play only a small role up to 2020 with increasing deployment afterwards depending crucially on the level of carbon prices and the scale of technology development. By 2030 CCS is estimated to represent about 5-10% of total generation with the majority likely in coal with some role in gas generation
. The role for CCS both up to 2030 and 2050 depends on whether cost-effective technology is available for newly constructed plants, and whether it can be retrofitted to existing plants. Similar public acceptance issues as to those regarding waste in Nuclear power may raise their head, and the wide scale deployment of the technology is likely to be dependent on the construction of an infrastructure of pipes and storage facilities, requiring institutional innovation at governmental level.   
Given this range of technologies what might the system look like in the short-term up to 2030 and in the longer term out to 2050?
As the IPCC very succinctly puts it ’There is no single economic technical solution to reduce GHG emissions from the energy sector’
.  We will require a mix of low-carbon technologies with both traditional and new renewables alongside with other low-carbon baseload generation.
The overall technology mix and the scale of deployment are heavily dependent on policy, carbon prices and technological improvement. There are different paths that could be followed. A system could be based upon decentralised micro-generation with rapid deployment of building integrated PV, small scale biomass, and perhaps even fuel-cell technology. Such a system could reduce losses from transmission and distribution but is radically different from the model we have today and would require innovation in not just technologies but also institutions and markets. Alternatively the system could focus on the existing model of large scale centralised generation with Nuclear or CCS or, if resources are available, large scale wind or CSP providing generation across a wide interconnected grid.  We might even move away from having alternating current supplying all of our domestic power supply with the direct current we need for some appliances coming from micro-generation built into our houses.
The scenarios tell mostly a story of changes only starting to emerge by 2030, with growth in the more established renewable technologies such as hydro and wind, with more radical options such as solar PV and CSP only playing a very small role. Nuclear and CCS also are projected to grow, but again only starting to emerge more significantly by 2030. 

Out to 2050 technology uncertainty dominates and the path that we will take is unclear. More advanced renewables such as thin-film PVs, offshore large-scale wind, concentrated solar power, and second and even third generation biomass may be developed on a large scale, negating the need for widespread deployment of CCS or Nuclear. Alternatively wind and hydro technologies may reach a resource peak and new renewable deployment may be slow, but with strong policy support advanced nuclear generation and CCS may provide the majority of supply.

Although generation costs overall may rise as we switch away from cheap fossil fuels, a move toward smart grids may mean that we can meet our energy services with less generation, helping to moderate prices. A move toward domestic technologies such as wind and nuclear may help to ameliorate some security of supply concerns, and fears of reliance on one imported fuel source such as natural gas that we may otherwise be forced to depend. Cutting fossil-fuel generation may also help to reduce other damaging emissions beyond greenhouse gases. For example cutting the use of coal can help to reduce sulphur dioxide and particulate matter allowing us cleaner air to breathe.
  The values of these other benefits should be taken into account when looking at the higher generation costs
.  

The system that we will have is likely to look substantially different from the one today. The system may consist of many more technologies and be more interlinked between countries that it is today. Many of the new technologies face very high capital costs but very low operating costs, in contrast to current methods which have substantial fuel costs. This may mean that new models of electricity markets may need to emerge. To meet the challenge of growing demand and the creation of a cost-effective low carbon electricity system, technological development across a range of options is required, along with the creation of institutions, markets and rules that allow a range of options to be left open for future development.  
4.8 What do we need to do to implement these technologies?

We have seen that in order to create a low-carbon transition we require a wide range of changes to our current energy system. Behavioural changes are crucial but we also require the implementation of a range of technological options. Many of these are likely to be technologies we know and use today, some of them are ones we are just starting to deploy and some are yet to be rolled out or even invented!  

The problem facing is that many of the technologies we are likely to require, on whichever path we choose to take to a low-carbon world, even those that we are currently producing and using, are more expensive, less mature and have very different resource constraints from the high carbon options we currently produce the vast majority of our energy with. 

Even developed renewable technologies such as wind and geothermal, apart from in the most favourable locations and circumstances, are high cost compared to high-carbon options such as coal. How much of our energy services we can meet with these more advanced renewables is questionable due to resource constraints. 

Less mature renewable technologies such as CSP, PV and Biomass can complement the other technologies but are subject to their own resource constraints and are more expensive by an order of magnitude at present. Their deployment globally is even smaller and doubts remain over the ability to scale them up to the scale required. Non-renewable low-carbon options such as CCS in the power sector are still at the trial stages and are unproven at industrial level and also subject to significantly higher operating and capital costs. Options in transport and industry are still at the early R&D stage and require years if not decades of development before they can reach market penetration levels.  Intermediate options such as hybrids can play a role but they are still mainly purchased for environmental concerns alone, with significant price differences over traditional forms of transportation.

What is clear from this is in order to create an affordable reliable, secure low-carbon energy system we need a range of these technologies to be proven, implemented and become low-cost. This may happen through natural market processes but in all likelihood is going to require additional public support. In order to understand this we need to see how technologies become proven, implemented and low-cost.  

From Chapter 3 we have seen that there are two main methods that have been used for modelling technical change in economies. One is exogenously, where change occurs over time through some undefined process, and the other is endogenously, where change happens as technologies are built and used, policies are enacted and people devote effort to meeting market needs. As we have seen in Chapter 3 which of these techniques we use can have profound implications for our results, and the policy actions they imply. So what evidence can we see in the energy sector for this second approach?  

There is clear evidence that energy technologies don’t develop as a result of time alone, they are not fine wines: they don’t improve by just being sat on a shelf! There is considerable evidence for learning-by-doing in the energy sector. That is the costs of a technology are often highly correlated with the scale of their deployment. 

This phenomenon has been widely studied, with early discussions in the wider economy dating back to the 1930s
, and energy-specific studies from the 1980s onwards
. An important concept in these studies has been the calculation of the learning rate of technologies: that is the percentage fall in costs for each doubling of cumulative capacity or production. This gives a sense of how much costs are likely to fall from greater and greater use of the technology. The learning rate has found to vary between technologies, in different locations and crucially at different times in a technologies implementation. So in early phases of market penetration learning rates can be impressive, but as the technologies mature the rates slow and cost reductions become less pronounced. 
Although these learning curves and learning rates tell us an important story about the importance in utilising technologies in reducing their costs, they can only tell us a small part of it. They analyse correlation between costs and capacity, but they don’t tell us about causation. There are likely to be feedback loops between costs and capacity as lower costs encourages greater capacity which in turn helps to reduce costs. Traditional learning curves also only capture a small element of the learning process. There are many further elements that they overlook. Learning can come from a wide range of sources including production, usage and R&D.
We can incorporate some of these other dimensions into the learning curve structure to create so-called two-factor learning curves. These two factor curves look at the effect of both the cumulative capacity or production of a technology and also the level of R&D invested on the cost of the technology
, capturing both learning by doing and learning by searching elements.
Evidence points to the important role of both channels, with a lack of substitutability, and indeed complimentarity between the R&D and usage channels of learning. In the early stages of a technology’s development the R&D channel may be more important, with the usage channel of learning becoming more important as a technology is more widely deployed.  Fr mature technologies learning by doing is proportionally more important, while for new emerging technologies learning by research is crucial (Figure 4.11). Two further categories are also interesting. Evolving technologies, are those that have started to penetrate the market more widely, but are still going through the process of technological improvement show evidence of big gains from both research and deployment, while those technologies that have been developed previously but have lain dormant seem to have greater learning from research than from deployment.
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Figure 4.11 Two factor learning curves for different types of technologies (Adapted from: Jamasb 2008
) 
The empirical evidence in technologies development in the energy sector points to the importance of both the R&D channel of learning and also the usage channel, but tells us little so far about the weight of importance between them at different stages of development. Given the nature of the challenge and the stage of the technologies that may play a role it is important to move these technologies to maturity as swiftly as possible. However as we have seen there is no one technology that we can target individually, what is required is policy structure that allows technologies to be supported, but also to fail if required. Given that empirical evidence tells us that both R&D and implementation are important, but tells us little so far on the exact relationship between them a clearer understanding of the how ideas become mature technologies is required in order to structure the right model of policy support. This requires delving into the innovation chain a product goes through which we address in the next chapter.
Bibliography

Agency, U. E. P. (2007). "Emissions & Generation Resource Integrated Database."

Allwood, J. and J. Cullen (2009). Steel, Aluminium and Carbon: alternative strategies for meeting the 2050 carbon emission targets R'09 Conference, Davos.

BP (2009). "Statistical Review of World Energy June 2009."

Capehart, B. (2007). Encyclopedia of Energy Engineering and Technology. Boca Raton, FL, CRC Press.

Change, U. C. o. C. (2009). "Meeting the UK aviation target - options for reducing emissions to 2050."

Company, M. (2009). Pathways to a Low-Carbon Economy: Version 2 of the Global Greenhouse Gas Abatement Cost Curve, McKinsey & Company.

Cullen, J. and J. Allwood (2010). "Theoretical efficiency limits for energy conversion devices." Energy 35(5): 2059-2069.

De Keulenaner, H., R. Belmans, et al. (2004). Energy efficient motor driven systems, European Copper Institute.

Department of Trade and Industry (2008). Energy Consumption in the UK.

Environment, A. E. (2008). Review and update of UK abatement costs curves for the industrial, domestic and non-domestic sectors. Final report to the Committee on Climate Change.

Ertesvåg, I. (2001). "Society exergy analysis: a comparison of different societies." Energy 26: 253-270.

ESDS International, U. o. M. (2010). IEA CO2 Emissions From Fuel Combustion database.

ESDS International, U. o. M. (2010). "IEA World Energy Balances, ."

European Commission (2006). World Energy Technology Outlook - WETO H2.

Gritsevski, A. and N. Nakicenovic (2000). "Modelling uncertainty of induced technical change." Energy Policy 28: 907-921.

Gutscher, M. and T.-. Members (2001). Potential for building integrated photovoltaics.

GWEC (2008). Global wind energy outlook. Brussels and Amsterdam, Global Wind Energy Council and Greenpeace.

Hammond, G. and C. Jones (2008). "Embodied energy and carbon in construction materials." Proceedings of the Institution of Civil Engineers - Energy 161(2): 87-98.

Hermann, W. (2006). "Quantifying global exergy resources." Energy 31(12): 1685-1702.

IEA (2008). Energy Technology Perspectives 2008: Scenarios and Strategies to 2050. Paris, IEA/OECD.

IEA (2010). CO2 Emissions From Fuel Combustion database, ESDS International, University of Manchester.

IEA (2010). World Energy Balances, ESDS International, University of Manchester,.

IEA/OECD (2006). Energy Technology Perspectives 2006: Scenarios and strategies to 2050. Paris, International Energy Agency.

IEA/OECD (2009). World Energy Outlook. Paris, IEA/OECD.

International Monetary Fund (2010). World Economic Outlook, ESDS International, University of Manchester.

Ipakchi, A. and F. Albuyeh (2009). "Grid of the future." Power and Energy Markets, IEEE 7(2): 52-62.

IPCC (2007). Climate Change 2007: Mitigation of Climate Change: Working Group III Contribution to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.

Jamasb, T. and J. Köhler (2008). Learning curves for energy technologies: a critical assessment. Delivering a Low-Carbon Electricity System. M. Grubb, T. Jamasb and M. Pollitt. Cambridge, Cambridge University Press.

Joskow, P. L. and N. L. Rose (1985). "The effects of technology change, experience, and environmental regulation on the construction cost of coal-burning generation units." Rand Journal of Economics 16: 1-26.

Koomey, J. (2008). "Worldwide electricity used in data centers." Environmental Research Letters 3(3).

Marintek (2000). Study of greenhouse gas emissions from ships. Report to the IMO, by Marintek, Det Norske Veritas, Econ, Carnegie Mellon University.

Mejean, A. and C. Hope (2010). Supplying synthetic crude oil from Canadian oil sands: A comparative study of the costs and CO2 emissions of mining and in-situ recovery. Cambridge: University of Cambridge, Electricity Policy Research Group Working Papers, No.EPRG 1005.

Nakicenovic, N., P. Gilli, et al. (1996). "Regional and global exergy and energy efficiencies." Energy 21(3): 223-237.

Nam, K.-M., N. E. Selin, et al. (2009). "Measuring Welfare Loss Caused by Air Pollution in Europe: A CGE Analysis." MIT JPSPGC Report No. 178.

National Statistics (2004). "National Travel Survey 2004."

OECD (2009). Iron and Steel Industry 2009 - Analysis and Data, OECD.

OXERA (2003). "The non-market value of generation technologies."

Roberts, S. (2008). "Altering existing buildings in the UK." Energy Policy 36: 4482-4486.

Rosenberg, D., R. Bodaly, et al. (1995). "Environmental and social impacts of large scale hydroelectric development: who is listening?" Global Environment Change 5(2): 127-148.

Sadi Kirschen, D. and G. Strbac (2004). Fundamentals of Power System Economics. Chichester, John Wiley & Sons.

Shrivastava, M. and M. Bhalla (2007). Estimation of transmission and distribution losses. GRIDTECH 2007 Conference Proceedings,, New Delhi,.

Sinden, G. (2008). Variability and Renewables. Delivering a Low-Carbon Electricity System. M. Grubb, T. Jamasb and M. Pollitt. Cambridge, Cambridge University Press.

Singh, A. (2008). Climate Co-Benefit Policies in India: Domestic Drivers and North-South Cooperation. C. Strategies.

Sreenivasamurthy, U. (2008). Domestic Climate Policy for the Steel Sector, India, Climate Strategies.

Stafell, I. (2009). A Review of Domestic Heat Pump Coefficient of Performance, University of Birmingham Fuel Cell Research Working Paper.

The Aluminium Association (2003). Aluminium Industry Technology Roadmap, Washington D.C.

U.S. Department of Energy (2009). 2009 Buildings Energy Data Book.

UK Energy Research Centre (2009). "Global Oil Depletion: An assessment of the evidence for a near-term peak in global oil production ".

US Census Bureau (2010). "New Residential Construction."

World Steel Association (2008). "2008 Sustainability Report of the world steel industry."

Wright, T. P. (1936). "Factors Affecting the Cost of Airplanes." Journal of Aeronautical Science 3(4): 122-128.

Xenergy Inc (1998). "Evaluation of the US Department of Energy Motor Challenge Program."

Zimmerman, M. B. (1982). "Learning and commercialization of new energy technologies: the case of nuclear power." Bell Journal of Economics 13: 297-310.















� In 2007 503EJ of energy was supplied the world, with 26% from Coal, 34% from oil, and 21% from Natural Gas (Figure 4.3). Nuclear power provided about 6% of total energy with the rest from renewables, with biomass and waste leading the way with about 10% of total energy. The majority of coal was used to generate electrical power, in contrast to natural gas where 75% is used directly in industry and for heating.





� An additional 5% of end use emissions relating to energy come from oil and gas flaring, and methane leaking from coal beds.   
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� Need to include some reference to the Factor Four literature here which is along these lines
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� Eurovent cites 93 tCO2/TJ.  There are about 6 GJ of chemical energy in one barrel of oil
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� “A widespread move to gas might also exacerbate some of the security-of-supply and dependency issues currently faced by Eastern European countries that depend heavily on Russian gas supplies for a significant proportion of their energy supplies. Russia accounts for approximately 20% of global gas production and an even greater share of gas in the global energy mix may lead to even greater dependence on it for energy supplies, provoking fears that energy supplies may be used to leverage political power.” It’s a complex and contentious story and maybe eclipsed by the new reserves ..? 
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� Global data on the exact use of energy across the building stock has proved elusive due to difficulties in aggregating and comparing different countries methodologies.  Better data still being sought through Global Energy Assessment.
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� [True? – my guess MG?These include chemical heat sinks in heat pumps, organic Rankine cycles and chemical recuperative gas turbines.
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� We really need data on this – see CT forthcoming study
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� Eg. The VW L1 uses carbon fibre to reduce its weight, and seats two people in tandem to reduce the frontal area. Now moving to production, it can achieve over 200 miles per gallon – about 20 times the performance of a Hummer!


� UK Committee on Climate Change.
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� 2.3TW can generate 2.3*24*365 = 20,148 TWh 
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