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				To my wonderful wife Anne-Marie.

				You came up with the idea for this book, because you know me so well.
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				Dear reader,

				This book gives a taste of how the power grid works. It is an attempt to boil a very large and sophisticated infrastructure down to simple illustrations and short explanatory text.

				I do not presume that this book is exhaustive in any way, nor can it do justice to the underlying engineering and economics. I can only encourage you to dive further into whatever areas you may find particularly fascinating.

				The electricity system is big. While the laws of physics naturally apply equally across the world, there are of course differences in how the power system is built, operated, regulated, as well as how electricity is traded.

				I have attempted to strike a balance between general applicability and illustrating concrete solutions. Likewise, technology costs and energy prices change over time, and any assessments I make in this book are bound to be incorrect in the future.

				I hope that you find the journey interesting all the same.
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				Electricity is massively powerful and utterly indispensable. Yet, it is easy to overlook just how much we depend on electricity. From the Internet to lighting, construction to transport, and heat to healthcare, electricity is so integrated into our lives that it is almost impossible to imagine life without it. It is really only when it is gone that we find out how much it really matters.

				When you flick the switch, you have the greatest machine in the world at your fingertips. This is a visual guide to this machine that shows how the power grid is organized, what it looks like, the way it works, and how all of its parts fit together, so that electricity arrives in your wall socket from its long journey, right when you need it.

				We go inside a power station to find out how this roaring generator turns fuel into electricity, before we take to the skies and go deep underground to see how wind turbines, geothermal generators and every other renewable generation technology in between derive energy from nature’s forces. The ingenuity that makes electricity generation possible is marvellous.

			

		

		
			
				INTRODUCTION

			

		

		
			
				THE GREATEST MACHINE

				IN THE WORLD

			

		

	
		
			[image: ]
		

		
			
				
					
						Electricity transport takes advantage of continent-sized networks of metal wires that connects your home to every other household, factory, and generator. We discover the intricate system of high voltage grids and low voltage grids that deliver electricity to you, whether they hang freely in the air, travel underground, or lie on the bottom of the ocean.

						Now, you can see the chimneys, turbines, and towers, but there is much more to the power system than this.

						We sit down in the chair of a power company’s CEO to understand what drives business decisions and what roles different generator technologies fill in the market. We also study how electricity is traded on power exchanges, where generators and retailers buy and sell both day and night.

						The second you flick on the switch, things get particularly heated. Even though the grid is immensely forceful, its operation is quite delicate and relies on careful balancing between input and offtake. Engineers closely monitor production and consumption in real-time, and make sure that your energy use is offset somewhere in the system.
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						I truly hope you will enjoy reading this book as much as I have enjoyed writing it, and I trust that you get a new-found appreciation for the awesome machine that sits right inside your wall. 

						Oh!… one more thing: Climate change is without a doubt one of the single most important issues of our age.

						The electricity sector is responsible for around one third of global greenhouse gas emissions. And while electricity production using fossil fuels has been absolutely vital for economic progress and improving living standards, it is also abundantly clear that it is time to replace electricity generation using fossil fuels with renewable energy sources.

						As the electricity sector stands on the verge of a massive transition from black to green, now is a very good time to get a better understanding of the system that is both part of the problem and part of the solution.

						Happy reading,

						Christian Dahl Winther
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				GENERATORS

			

		

		
			
				The inauguration of the world’s first commercial power station in 1882 by Thomas Edison in New York City was a giant step forward in the industrial revolution that otherwise relied on other energy sources such as steam engines and gas lighting. This new and versatile energy source greatly improved industrial production by making manufacturing both easier and faster. Electricity granted more people access to goods that were once beyond reach, and has since then boosted society in many other areas, such as health, connectivity, education, and general well-being. It is hard to imagine how the world would look today without the electricity produced by power stations. A steam-powered mobile phone, anyone? The value of electricity is difficult to exaggerate.

				Power stations have brought us many good things, but they also have their drawbacks. They contribute to pollution of the environment and to global warming. To make electricity production cleaner, renewable generation must play a stronger role than it does now, and it should progressively replace power stations.
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				Renewable technologies such as hydro- and wind power have been around for many years, while solar power is more recent. Newer technologies again, for instance wave power, are in a developmental stage. Looking ahead, electricity supply will continue to shift from few, large power stations to a greater number of renewable energy sources that tap into nature’s resources in various ways.

				The challenge for the power system is to ensure that renewables are integrated in such a way that electricity remains available at all times, even if production is not always controllable. Development of storage technologies is thus a key part of the transition towards a greener energy system.

				In this chapter we will explore how different generation technologies work. We start by looking under the hood of a power station to see what’s inside and how it turns fuel into electricity. Next we dive into renewable technologies, before finishing off with a glance at storage solutions and power-to-X.
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				BIRD’S EYE VIEW

			

		

		
			
				A power station is essentially a big apparatus dedicated to turning the energy in fuels - coal, nuclear energy, gas, or biomass - into electricity. Let’s look inside a coal-fired power station to see the steps that make this conversion possible.

			

		

		
			
				1. Ships, trains, or trucks deliver fuel to the coal yard. Bulldozers push coal onto conveyer belts that transport it inside the plant.

			

		

		
			
				2. Lumps of coal are ground to dust in the pulverizer.

			

		

		
			
				3. Fuel is combusted in the boiler to produce hot air which is then used to create steam.

			

		

		
			
				4. Steam pressure makes the turbine spin.

			

		

		
			
				5. Exhaust steam from the turbine is cooled, condensed, and returned to the boiler.

			

		

		
			
				6. The turbine connects to the generator via a large metal shaft.

			

		

		
			
				7. Hot exhaust air from the boiler exits the power station through the chimney.

			

		

		
			
				8. Electricity enters the grid and travels towards the consumers.

			

		

		
			
				 Cold return water 

			

		

		
			
				 Hot steam 

			

		

		
			
				 Exhaust 
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				The boiler is the single biggest component inside the power station. Large boilers can reach more than 75 m in height, and are so tall that they are installed first, before the power station’s walls are built around them. The boiler converts fuels into steam in two steps. First, fuels are combusted and turned into hot air in the furnace. Then, a heat exchanger uses this heat to turn water into steam.

			

		

		
			
				The heat exchanger absorbs the heat from the furnace through a maze of winding steel pipelines and turns the water inside to steam. The higher the temperature in the furnace, the greater the steam pressure can be piped to the turbine. Pipelines hang freely from the top of the boiler to avoid breaking as they expand with heat.

			

		

		
			
				Return water from cooling and fresh feedwater are pre-warmed in the economizer before entering the heat exchanger pipelines.

			

		

		
			
				The ash pit collects bottom ash.

			

		

		
			
				Hot exhaust gas from the furnace passes to the chimney.

			

		

		
			
				Superheated steam is transported to the high pressure turbine.

			

		

		
			
				Exhaust steam from the high pressure turbine is reheated and piped to lower pressure turbines.

			

		

		
			
				Return water from cooling.

			

		

		
			
				The water running in the pipelines is ultra-pure to prevent corrosion and lime buildup.

			

		

		
			
				Lumps of coal are ground to dust in the pulverizer and burned in the furnace. Other power stations burn gas or biomass to create heat.

			

		

		
			
				Furnace

			

		

		
			
				BOILER
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				Modern coal-fired power stations burn pulverized coal. This gives great control over temperatures in the furnace and is comparable to burning natural gas.

			

		

		
			
				The fluidized bed technology forces air into a bed of sand from below, to the point where the sand becomes suspended in the air and starts to bubble and behave like a fluid. Adding coal to this mix enhances combustion since coal is set ablaze from all sides simultaneously.

			

		

		
			
				Older coal plants often incinerate whole lumps of coal. Moving grates slowly carry burning coal across the furnace floor, before the ashes tip over the edge and fall into the pit.

			

		

		
			
				Ways of coal combustion

			

		

		
			
				Coal lumps are ground to dust in the pulverizer.

			

		

		
			
				Coal is continuously replenished to maintain burning.

			

		

		
			
				The burner is fed with coal dust and air.

			

		

		
			
				As the grates move back and forth, the coal is pushed from one level down to the next.
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				The chimney

				Exhaust gas exits the power station through the chimney after it has been cleaned of pollutants and ashes. The smoke coming out at the top is comprised mostly of CO2 and water vapor. The section on waste-to-power illustrates in greater detail how residues are cleaned from the exhaust gas.

				Hot exhaust entering at the bottom of the chimney rises because it is lighter than the cold air on the outside. Rising air leads to reduced pressure at the bottom of the chimney, and forces in a draft of cold air from the outside. This helps move the exhaust up and out of the chimney. You can sometimes feel this ‘stack effect’ near the entrance to a tall building when the sun heats up the air inside the building. The taller the chimney and the hotter the exhaust, the stronger the stack effect becomes.

				The world’s tallest chimney is 420 m high and stands at the Ekibastuz power station in Kazakstan.

			

		

		
			
				Inside:

				Hot air and

				low pressure.

			

		

		
			
				Outside:

				Cold air and

				high pressure.

			

		

		
			
				Exhaust gas from the boiler.
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				Working principle of the turbine

				The rotor is a large steel shaft mounted with several rows of shovel blades. It extracts energy from the steam that blows through the turbine and converts it into rotational energy. The rotor spins at 50 or 60 rounds per second (the speed depends on the regional standard). The rotor sits inside the stator. The stator’s role is to contain steam pressure and have it flow over the rotor blades.
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				Superheated steam leaves the boiler at temperatures 550-700 °C and is channeled to the turbine at a pressure of around 200 bar, equivalent to a scuba diver’s air tank. The turbine’s job is now to convert this steam pressure into rotational energy. The turbine primarily consists of two parts: a revolving rotor that is surrounded by a stationary stator.

			

		

		
			
				Exhaust steam exits the turbine and is passed on to the cooling unit.

			

		

		
			
				Valves regulate pressure to adjust speed. This is a much faster way to control electrical output than changing steam pressure from the boiler.

			

		

		
			
				The shaft leads to the generator unit.

			

		

		
			
				Stator vane

			

		

		
			
				Shovel blades

			

		

		
			
				STEAM TURBINE
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				The turbine and shaft can weigh upwards of 200 tonnes. To avoid bending of the shaft and rotor blades due to gravity, they may need to turn ever so slowly if the power station is offline for a period of time.

			

		

		
			
				The stator vanes guide steam onto shovel blades at an optimal angle. Clearances between blades and the stator must be small, which is quite a challenge for engineers since blades expand with heat.

			

		

		
			
				Steam flow

			

		

		
			
				Stator vanes

			

		

		
			
				Spinning rotor blades
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				Notice how the turbine widens towards the end. This is to maintain a fast steam flow as pressure drops through the length of the turbine.
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				Turbine tandems

				Large power stations have multiple turbines working in tandem on the same shaft. Each turbine is engineered to extract the maximum amount of energy from the steam as pressure changes across the steam cycle from boiler to cooling. Here is one example of how this may look.

			

		

		
			
				Boiler

			

		

		
			
				Cooling

			

		

		
			
				High pressure turbine

			

		

		
			
				Intermediate

				pressure

				turbine

			

		

		
			
				Generator

			

		

		
			
				Low pressure turbines

			

		

		
			
				All turbines spin a single rotor shaft.
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				A high pressure turbine receives superheated steam straight from the boiler. Steam is then quickly reheated in the boiler to boost pressure, before it passes to an intermediate pressure turbine and from there on to two parallel low pressure turbines. Low pressure turbines are the largest because steam expands as pressure drops. Lastly, steam is cooled and returned to the boiler. Peaking power plants usually have just a single turbine, since their limited number of operating hours does not warrant the extra investment needed to obtain a somewhat higher energy efficiency.
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				Thermal

				efficiency 33%

			

		

		
			
				Plant efficiency

				The efficiency with which fuel input is turned into electrical output is called heat rate. Sending in 3 units of energy as fuel and getting out 1 unit of electricity equals a heat rate of 33%. The remaining 67% of the energy is lost in the warm, but unusable, steam that leaves the turbine, and as hot air from the furnace exiting the plant through the chimney. Efficiency losses are also partially caused by the power station’s own energy consumption, including fuel feeding systems, water pumps, and cooling.

				Power stations with efficiencies above 45% are considered very good, while efficiencies below 33% are regarded as low. Turbines play an important role in efficiency, as does the way the plant is operated; producing at full capacity is better than producing at a lower level, just as constant production is more efficient than ramping output up and down to follow demand.

			

		

		
			
				Fuel in

			

		

		
			
				3 MWh

			

		

		
			
				Lost energy
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				Electricity
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				The generator is connected to the turbine via the revolving shaft. Through magnetism it converts the rotational energy into electricity that is sent into the electrical grid and on to consumers. Let’s consider exactly how the generator does this.
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				Magnetic rotor

			

		

		
			
				Wire coils in the stator

			

		

		
			
				The conductor wires in the generator connect to the outside grid.

			

		

		
			
				Rotor shaft

			

		

		
			
				+

			

		

		
			
				÷

			

		

		
			
				Conductor wires

			

		

		
			
				GENERATOR

			

		

		
			[image: ]
		

	
		
			
				21

			

		

		
			[image: ]
		

		
			
				The generator consists of a rotating inner part and a stationary outer part. The rotor is essentially a powerful magnet that is mounted on the shaft. It is surrounded by the stator, which holds three pairs of symmetrically spaced wire coils. These coils are the beginning of the electrical conductors and the power grid.

				Broadly speaking, electricity generation works like this:

				When the rotor’s opposite magnetic poles swish past a coil pair, electrons in the coils are attracted to the positive pole, and repelled from the negative pole. This pull-push motion generates a rising and falling voltage across the two coils that sit opposite each other in the stator.

				The free electrons in the wire coils become agitated, inducing an electric current that propagates down the electrical conductor. The current produces a magnetic field that surrounds the conductor wire.

				The continuous spinning of the rotor repeatedly forces the current of electrons to move in one direction and then back - hence the name alternating current.

			

		

		
			
				Static and current electricity

				There are two kinds of electricity. One is current electricity, and as the name implies, this involves a current or flow of electricity. It is the result of a deliberate production process and comes in the form of either alternating current (what flows in the power grid) or direct current (used by computers and mobile phones).

				The other is static electricity and occurs in nature, when a charge builds up in one place and remains stationary until it can neutralize with its surroundings. This includes lightning or the little zap you can get when touching a car.
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				Three-phase current

				The three coil pairs are offset 120º (one third of a full cycle) around the stator’s circumference. They produce three separate current flows, called ‘phases’. Each phase travels in its own conductor line, and this is the reason you usually see conductors in multiples of three in the grid.

				The rotor generates peak voltage in coil A at 0º, and as the rotor rotates clockwise, voltage starts to fall in coil A. At the same time voltage increases in coil B, attaining its peak voltage after precisely 120º of rotation. After 240º of rotation, voltage peaks in coil C, and after 360º - coming full circle - it is back at coil A.

				As the rotor keeps on spinning, voltages in the three lines continue to rise and fall.

			

		

		
			
				0° / 360°
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				Why three phases?

				Three-phase service is preferred over one-phase or two-phase service because:

				» It delivers a high voltage more consistently, since one of the three phases is always near its peak, and can deliver more power to demanding machinery.

				» Transport is more efficient with fewer electrical losses underway.

				» Investment costs are lower, because there is no need for a dedicated neutral conductor to act as a return path for the phase conductor (compared to one-phase service).

				Four or more phases are possible, but this setup doesn’t offer much in terms of additional advantages.
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				High voltage

			

		

		
			
				High voltage

			

		

		
			
				Low voltage

			

		

		
			
				Three phases

			

		

		
			
				Single phase

			

		

		
			
				Every one-third of a cycle, one of the phases reaches peak voltage.
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				It takes a concerted effort to get the power system to work together as a single machine. All generators must operate at the same frequency, so they push and pull electrons back and forth at the same tempo. They also need to do it at the same time - we are talking about milliseconds - so phases are aligned and do not counter each other.

				Generators in Europe, Asia, Oceania, and Africa - with a few exceptions - are spinning precisely 3,000 rounds per minute or 50 rounds per second. Generators in North America and parts of South America operate at 60 rounds per second. Just as with choosing to drive on the right or left side of the road, both ways are workable as long as everybody does the same thing. 

				The lack of standardization in frequency is rooted in history, from the time when electricity was new and power grids were separate networks serving smaller areas. At that time, there were many practices in use, and the grids serving London in 1918 reportedly operated at 10 different frequencies. However, the advantages of merging smaller networks into bigger ones gradually lead to standardization.

				Looking ahead, it seems unlikely that there will ever be a single standard frequency across the world, because of the large number of generating stations, transformers, and electrical equipment that would need to be replaced. The cost would be insurmountable while the additional benefits would be relatively small, since most grids have already achieved critical mass in terms of achieving robustness and high quality of service.
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				Voltage
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				50 Hz vs 60 Hz service 

				The faster the generator spins, the shorter the cycle. 50 Hz service (red) makes 5 cycles in 1/10 of a second, while 60 Hz service (blue) makes 6 cycles.

			

		

		
			
				The sinusoidal wave

				Each time the generator makes a full spin, electrons cycle both forward and backward. Frequency refers to the number of cycles per second and this is measured in Hertz (Hz). Thus, spinning 50 times per second equals 50 Hz. The amplitude of the wave is the voltage, showing how forcefully electrons travel in the wire at each point in time.

			

		

		
			
				Electrons

				move

				forward.

			

		

		
			
				Electrons

				move

				backward.

			

		

		
			
				1/10 of a second

			

		

		
			
				Time

			

		

		
			
				Amplitude

			

		

		
			
				One cycle
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				As with all machines, power stations undergo regular servicing. Turbines, generators, and other pieces of equipment are taken apart and inspected, and worn parts are replaced.

				Servicing power stations involves a great deal of planning ahead. The year before, grid operators coordinate outages on a regional basis, and each power station is assigned a time slot to go offline; this is usually several weeks depending on the level of service needed.

				The power station will then book maintenance specialists that work in-house or from equipment manufacturers.

				Service is usually scheduled to take place during the ‘low season’, which may be summer or winter depending on the need for heating and air conditioning.

			

		

		
			
				Specialists carefully inspect a high pressure turbine rotor and check each blade manually.
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				Technicians servicing a low pressure turbine rotor with the outer casing removed.

			

		

		
			
				The stator of a generator unit ready for cleaning.
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				A perfectly balanced rotor is vital when spinning at 50 rounds per second. Even small imbalances can make tiny vibrations become severe trembles, with the risk of the turbine violently disintegrating. Seventy five workers lost their lives at the Russian Sayano–Shushenskaya hydro power plant in 2009, when an unbalanced turbine became unhinged as a result of metal fatigue in its bearings. It spun into the turbine hall, and seconds later the room was flooded with water.
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