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1.



Calculation – cost of energy production



Firstly, find the value of N . N is the position in the english alphabet of the letter which begins your family name. So for Anderson N = 1, for Brown N = 2, etc. A twin-rotor marine current turbine has rotors of 20 m diameter. It is to be installed at a site where the maximum current speed in spring tides is [2 + 0.05 × N] m/s. In neap tides, the maximum speed is 1.65 m/s. The turbine has a cut-in speed of 0.75 m/s, and a rated speed of 2 m/s. Between rated and cut-in speeds, it operates with a constant power coefficient of 0.39. The sea water has a density of 1025 kg/m3 . Calculate the rated power output of the turbine, and determine the energy captured per cycle in spring and neap tides. Assume a period of 12 hours and 25 minutes for the “twice daily” cycle, and a sinusoidal variation in current velocity V , so that V = Vmax sin ωt. Assuming that the average energy captured per cycle is the mean of the values for spring and neap tides, estimate the amount of energy produced per year and the turbine capacity coefficient. The estimated capital cost of the turbine, including all the foundations ans electrical connections, is £[1600000 + 25000 × N ]. If this money is borrowed from a bank, the annual repayment required is given by the formula: Cr(1 + r)n (1 + r)n − 1 where: C value of the capital loan n number of years to complete the repayment, n = 15 r rate of interest on the loan, r = 8% = 0.08 Assuming annual maintenance costs of 3% of the capital cost of the turbine, calculate the cost of energy production, in pence per kWh.



1.1



Rated power output of the turbine



For a value of N = 10, the maximum current speed in spring tides is equal to Vmax,s = 2 + 0.05 × 10 = 2.5 m/s Thus, the sinusoidal variations in current velocity for spring and neap tides are respectively: Vs = Vmax,s sin ωt = 2.5 sin ωt Vn = Vmax,n sin ωt = 1.65 sin ωt The power and the velocity are linked through the next relationship: P =



1 Cp ρ A V 3 2



where: P power in W Cp power coefficient, Cp = 0.39 ρ sea water density, ρ = 1025 kg/m3 A effective area of the turbine, A = πR2 where R is the radius of the rotor, R = 10 m V velocity 1



Given the predictable nature of tidal flows, it should not be necessary to set a cut-out condition for the turbine during normal operation. But, we only know the value of Cp between rated and cut-in speeds, so we will assume that Vrated is considered as a maximum value and the power is limited to a maximum value Prated . Consequently, to obtain the rated power output of one rotor we use the previous formula in the case of V = Vrated = 2 m/s: Prated =



1 1 3 Cp ρ A Vrated = × 0.39 × 1025 × (π × 102 ) × 23 ≈ 502 kW 2 2



As the turbine is composed of two rotors, we must double the value to get the rated power output of the turbine, and finally : Prated = 1004 kW ≈ 1 MW



1.2



Energy captured per cycle



1.2.1



In spring tides



In spring tides, the maximum velocity is major than the rated speed, Vmax,s = 2.5 m/s > 2 m/s = Vrated so the energy captured during a quarter of a cycle is given by the formula: Z T2 Es = P dt + Prated [T3 − T2 ] 4 T1 where: Es energy captured per cycle in spring tides in J T1 date at which the rotor starts working, that corresponds to the cut-in velocity T2 date at which the rated velocity is reached T3 quarter of the period T = 12 h25 min = 745 min = 44700 s P power output given by P = 12 Cp ρ A Vs3 in W We can isolate T1 and T2 from the equations: Vcut−in = Vmax,s sin (ωT1 ) and Vrated = Vmax,s sin (ωT2 )  Vcut−in  sin sin−1 0.75 Vmax,s 2.5 ∴ T1 = = = 36.13 min = 2167 s 2π ω 745   Vrated −1  sin 2 sin−1 2.5 Vmax,s ∴ T2 = = = 109.95 min = 6596 s 2π ω 745 −1



As T3 is equal to



Es = 4



Z



6596



2167







T 4



= 186.25 min = 11175 s, we can write : Z T2 Es 1 = Cp ρ A Vs3 dt + Prated [T3 − T2 ] 4 2 T1   2π 1 2 3 × 0.39 × 1025 × (π × 10 ) × 2.5 × sin t dt + 106 [11175 − 6596] 2 44700 2



    Es 1 44700 2π 2 3 3 = × 0.39 × 1025 × π × 10 × 2.75 × cos t 4 2 2π 44700  6596 2π − cos t + 106 [11175 − 6596] 44700 2167 Es = 7.05 × 109 J = 7.05 GJ 4 Finally, the energy captured per cycle in spring tides is equal to: Es = 28.2 GJ 1.2.2



In neap tides



In neap tides, the maximum velocity is minor than the rated speed: Vmax,n = 1.65 m/s < 2 m/s = Vrated so the energy captured during a quarter of a cycle is given by the formula: Z T3 En = P dt 4 T1 where: En energy captured per cycle in neap tides in J T1 date at which the rotor starts working, that corresponds to the cut-in velocity T3 quarter of the period T = 12 h25 min = 745 min = 44700 s P power output given by P = 12 Cp ρ A Vn3 in W So we can calculate the energy per cycle in neap tides: Z 6596 1 En = Cp ρ A Vn3 dt 4 2   Z2167 6596 2π 1 2 3 = × 0.39 × 1025(π × 10 ) × 1.65 × sin t dt 44700 2167 2     6596 1 44700 2π 2π 2 3 3 = × 0.39 × 1025(π × 10 ) × 1.65 × cos t − cos t 2 2π 44700 44700 2167 En = 2.47 × 109 J = 2.47 GJ 4 Finally, the energy captured per cycle in neap tides is equal to: ∴



En = 9.9 GJ



1.3 1.3.1



Energy produced per year and capacity coefficient Energy captured per cycle



The average energy captured per cycle is the mean of the values for spring and neap tides: Ecycle =



Es + En 28.2 + 9.9 = = 19.05 GJ 2 2 3



Otherwise, the period of the cycle is T = 745 min, and a year counts 365×24×60 = 525600 min, so there are about 525600/745 = 705.5 cycles per year. Thus, the amount of energy produced per year is equal to: Eyear = 705.5Ecycle = 705.5 × 19.05 Eyear = 13440 GJ ≈ 13.44 TJ 1.3.2



Turbine capacity coefficient



The capacity coefficient is defined by the formula: c=



Pmean average power = rated power Prated



In the first question we calculated the rated power Prated = 1004 kW. Moreover, the average power is equal to: Pmean



Eyear 13440 × 109 = = = 426 kW number of seconds in a year 365 × 24 × 3600 Pmean 426 ∴c= = ≈ 0.42 Prated 1004



The capacity coefficient is consequently estimated as: c = 0.42 = 42 %



1.4 1.4.1



Cost of energy production Cost of the turbine



For the value of N = 15, the value of the capital loan is equal to: C = £ 1,850,000. Firstly, we have to calculate the annual repayment which is given by the following formula: Cr =



C r(1 + r)n (1 + r)n − 1



where : C value of the capital loan, C = £ 1,850,000 n number of years to complete the repayment, n = 15 r rate of interest on the loan, r = 8% = 0.08 ∴ Cr =



1850000 × 0.08(1 + 0.08)15 ≈ £ 216,000 (1 + 0.08)15 − 1



Secondly, we can calculate the annual maintenance costs which are equivalent to 3 % of the capital cost of the turbine: Cm = 0.03 × C = 0.03 × 1850000 ≈ £ 55,500 Consequently, the annual total cost of the turbine is equal to: Cyear = Cr + Cm = 216,000 + 55,500 Cyear = £ 271,500 4



1.4.2



Cost of energy production



In the third question we calculated the amount of energy produced by the turbine per year: Eyear = 13440 GJ As 1 MJ is approximatively equal to 278 Wh = 0.278 kWh1 , the amount of energy produced annually in kWh is: Eyear = 13440 × 109 × 0.278 ≈ 3740 × 103 kWh The cost of energy production is then equal to: Cprod =



Cyear 271,500 = ≈ 0.073 £/kWh Eyear 3,740 × 103



And finally, the cost of energy production for the twin-rotor marine current turbine is: Cprod = 7.3 pence/kWh



1



1/3600 = 2.77 . . . 78.10−4
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2.



Discussion



1. Examine the nature of the variation of power output with respect to time. What opportunities and problems do marine current turbines present when integrated into an electricity supply network? 2. How accurate is the assumption made in calculating the average energy produced per cycle? 3. What are the principal obstacles ot widespread exploitation of this ressource?



2.1



Nature od the variation of power output



Before examining the nature of the variation of power output, we will present what spring tides and neap tides are, in order to understand how we have modelled the the variation in current velocity. 2.1.1



Spring tides and neap tides



It is not only the Moon, but other objects in the Solar System, influence the Earth’s tides. For most their tidal forces are negligible on Earth, but the differential gravitational force of the Sun does influence our tides to some degree (the effect of the Sun on Earth tides is less than half that of the Moon) [1]. For example, particularly large tides are experienced in the Earth’s oceans when the Sun and the Moon are lined up with the Earth at new and full phases of the Moon (see Figure 1). These are called spring tides (the name is not associated with the season of Spring). The amount of enhancement in Earth’s tides is about the same whether the Sun and Moon are lined up on opposite sides of the Earth (full Lunar phase) or on the same side (new Lunar phase). Conversely, when the Moon is at first quarter or last quarter phase (meaning that it is located at right angles to the Earth-Sun line), the Sun and Moon interfere with each other in producing tidal bulges and tides are generally weaker; these are called neap tides (see Figure 2).



2.1.2



Power variation



In our current tidal model, we have took into account the influence of the Sun, so that we have different Vmax : one for spring tides and one for neap tides. As we assume that there is a cut-out speed, the nature of the variation of power output is different in spring tides and in neap tides. The Figure 3 show the variation of the power outuput in spring and neap tides against the period T (12h25). As we can see, the power is also negative; of course, the power is not really negative, but it is in order to differenciate the power generated when the turbine has one sense of rotation and when it has the other sense of rotation. An other thing which can be interresting is to see in the same graph the available power, to compare with the power output and to understand the interest to improver the hydrodynamic of the turbine and those to get the highest Cp (see Figure 4). This figure let us imagine that we could earn much more power if we didn’t have a cut-off speed. Of course, it is great to have an idea of the power output, but in this case we just have the power output during spring tides and neap tides which happens, each one, one day every two weeks. Thus, if we assume that lunar cycle is four weeks, we don’t have: one week of spring tides, then one weel of neap tides, then one week of spring and finally one week of neap tides. However, in calculating the mean power to get the average energy, that is what we did. So, I 6
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Figure 1: Sketch explaining spring tides.
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Figure 2: Sketch explaining neap tides.
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Figure 3: Spring and neap tides power output.
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Figure 4: Turbine output (from spring and neap tides) relative to available power.
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wondered how the power variation could be between spring and neap tides. Consequently, the Figure 5 shows the fluctuation in power output between spring and neap tides with limiting capacity. On the figure, spring tides are about days 0 and 15, and neap tides about days 7 and 23, and so we have the predicted power output during a complete lunar cycle. In this figure, we didn’t have done a different between the power generated in one sense and in an other sense. 1.2
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Figure 5: Fluctuations in power output between spring and neap tides with limiting capacity. The Figure 5 was obtained in combining spring tide velocity and neap tide velocity by the following way:      2π 2π 2 2 V = 2.5 × cos + 1.65 × sin × sin ωt (1) Tlunar Tlunar | {z } Vmax



where: Tlunar synodic lunar period (Tlunar = 29 d 12 h 44.0 min) [2]. 2.1.3



Opportunities and problems of current turbines



As most renewable energy systems, marrine current tubrines (MCT) present opportunities and problems when integrated into a electricity supply. “ Opportunities It is easy to compare marine current turbines with wind turbines which are well-know and more used as marine current turbines. However, marine current turbines have the advantage that we can predict the nature of tidal flows; therefore unlike most of other renewables, the 10



future availability of energy can be known and planned for. Consequently we know the future produced power and estimate the capital cost of the turbine. A tidal current turbine rated at 2˘3 m/s in seawater can results in four times as much energy per year/m2 of rotor swept area as similarly rated power wind turbine. Although accessing tidal stream energy may be costly, the high energy availability if exploited will more than compensate for the higher costs [3]. Moreover the resource is potentially large and can be exploited with little environmental impact, thereby offering one of the least damaging methods for large-scale electricity generation. “ Problems It is well to be able to estimate the generated power, but with current turbines we are sure to not produce at somes moments, i.e. when the current velocity is lower than the cut-in speed. In our particular, this time represents about 20 % ((T1 × 4)/T ). In fact, if we look closer that could be correct if we compare with wind tubrines implanted in France which produces electricty only 20 % of the time on average. Futhermore, MCT produce electricily but not according to the customers demand so it is difficult to exploit it and moreover as we have just seen the generated power has a particular shape and is difficult to integrate it into an electricity supply network. However, as tides are happened in function of the location on the Earth, it is possible to combine several MCT farm in order to regulate the output characterics of current power stations and to get a global power outpur [4].



2.2



Assumption made in calculating the average energy



It is interesting to understand what the assumptions are that we have done in our current tidal model and what the assumptions are in a more realistic model. 2.2.1



A simple tidal model



We have illustrated the basic idea with a simple model of a planet completely covered by an ocean of uniform depth, with negligible friction between the ocean and the underlying planet. The gravitational attraction of the Moon produces two tidal bulges on opposite sides of the Earth (see Figure 6) and the combined gravitational attraction of the Moon and the Sun produces a spring tides and neap tides.
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Figure 6: Sketch of the Moon forces exerced on the Earth surface. The Figure 7 explains the movements that we have consider in our model. This simple model doesn’t consider the movements of the Moon and the Earth around the Sun, which are quiete important because the movements of the Earth around the Sun is not circular, but a few elipitic, that means the gravitational attraction of the Sun isn’t always the same durin one year (one year is the sidereal orbit period of the Earth). 11
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Figure 7: Movements of Earth and Moon in the simple used tidal model. 2.2.2



More realistic tidal models



The mode that we have used to calculated in very simple, and the realistic situation is considerably more complicated [5]: 1. The Earth and Moon are not static, as depicted in the preceding figure, but instead are in orbit around the common center of mass for the system. 2. The Earth is not covered with oceans, the oceans have varying depths, and there is substantial friction between the oceans and the Earth. So, it is clear that if we want to approach much the reality we need to have a better tidal model like an neural networks model [6, 7] or in using data on one year and laboratory experiments [8]. Furthermore, we have assumed that the power coefficient Cp is constant between cut-in and rated velocity, whereas it is probably not the case and we should do experiments [9] to estimate the variation of Cp . However to have an idea of how accurate the assumption made in calculating the average energy produced per cycle is, we could compare the calculated Pmean with the power calculated in using (1) by the following way:    i h  2 2π 2π 2   0 if V = 2.5 × cos + 1.65 × sin × sin ωt 6 Vcut−in  Tlunar Tlunar P = 1 Cp ρ A V 3 if Vcut−in < V < Vrated 2   1 C ρ A V 3 if V > Vrated rated 2 p In this case, it is much more difficult to determine a primitive of P because of the “coefficients” cos2 and sin2 , to get a result we should use a numerical computation software. Due to a lake of time, I wasn’t able to do this. . . Finally, we can’t give a value how accurate the assumption made in calculating the average energy produced per cycle is, beacause tidal predicting is much more complicated than the 12



simple model that we have used, but it seems that maximum current velocities can be predicted with reasonnable accuracy and the dynamic loading that may occur as a result of velocity shear and misalignment is largely predictable [4].



2.3



Principal obstacles



Nowadays, contrary to wind turbines, marine current turbines aren’t used a lot whereas current can be predicted and wind not. We can wonder why MCT are so less implanted than wind turbines. In fact, there is some reasons for that [3]. 2.3.1



Operation in marine environment



The marine environment is considerably harsher than the low level atmospheric conditions encountered by wind turbines. There will also be a problem with corrosion. Seawater is a saline solution so any metallic components will have to be protected from the water. Moreover, corrosion creates a rough surface and decreases the hyrodynamics of blads. Thus, it necessary to treat structures in steel with or to find alternative materials. 2.3.2



Maintenance



Compare to wind turbines, it is much more complicated to do maintenance or repair operation on MCT because we need to use a ship and can be difficult and hazardous, notably if the weather is bad and the sea is agitated. 2.3.3



Difficulties in design



It is impossible at this time to predict the optimal configuration of future tidal stream energy conversion devices [4]. However, knowledges in hydro-power turbines and wind turbines help to develop MCT. The density of seawater is approximately 1025 m/kg3 (the density of air is one thousand times less) and so the axial thrust on a turbine and its structure will be large. Thrust is the force generated in the direction of flow as a result of the turbine extracting energy. Consequently, MCT have to be designed solider than wind turbines to resist to forces of current what is quiete complicated in a reasonnable budget. 2.3.4



Cavitation



As the size of marine current energy capturing devices increases, certain operational difficulties will be encountered. One of these is the phenomenon called cavitation. This potentially damaging effect is usually encountered at low pressures in pumps and on ship propellers. To avoid large functional constraints, the effects of cavitation will have to be resisted or reduced so that energy supplies are not compromised [3, 8]. In conclusion, in spite of the previous obstacles to widespread of MCT, full size tidal current turbine technology is going to be developed not only because its time has arrived but also due to the widespread commitment to combat global warming which will require a huge increase in electricity generation from renewable resources. Moreover the need to exploit marine energy is increasingly recognised and the engineering capability to do so is now here following experience with offshore structures and new developments in offshore piling [3].
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