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Abstract

:

The Strait of Larantuka, with highly energetic tidal stream currents reaching speeds of up to 3–4 m/s, is a promising site for renewable electricity production from the ocean. This paper presents the results of an assessment regarding the potential hydrodynamic impacts, wake characteristics, and the performances of large scale turbine arrays in the strait. A high-resolution, three-dimensional baroclinic model is developed using the FLOW module of the Delft3D modeling system to simulate tidal currents. The energy of currents is assumed to be extracted by horizontal-axis tidal turbines, which can harness strong bi-directional flow, positioned on sequential rows and alternating downstream arrangements. Enhanced momentum sinks are used to represent the influence of energy extraction by the tidal turbines. Four different array layouts with rated capacities of up to 35 MW are considered. We find that, in the Strait of Larantuka, array layout significantly affects the flow conditions and the power output, mainly due to the geometric blockage effect of the bounded channel. With respect to undisturbed flow conditions in the strait, decreases in current speeds of up to about 0.6 m/s, alongside increases in the order of 80% near-shore are observed. While operating efficiency rates of turbines reaching around 50%–60% resulted during the spring tide in the arrays with smaller rated capacities, the power output of the devices was negligible during the neap tide.
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1. Introduction


Intergovernmental Panel on Climate Change (IPCC) recently reported on the current and potential impacts of anthropogenic global warming. The report states that human activities have caused a warming of 1.0 °C above the pre-industrial levels since 1950, with a rate of increase of 0.2 °C per decade, and global warming is likely to reach 1.5 °C between 2030 and 2052. Storms, forest fires, droughts, coral bleaching, heat waves, and floods, which have already been experienced due to global warming, are likely to get significantly worse in the upcoming decades, and impacts are expected to be felt across ecosystems, human communities, and economies [1]. The mitigation of further damage requires an effective and appropriate response focused on accelerating the reduction of global greenhouse gas emissions. Thus, over the last few decades, ocean renewable energy (ORE) has become a promising alternative and supplement to fossil fuels and nuclear power. ORE might enhance the diversity of the energy mix, contribute to the decarbonization of electricity production, increase energy security by exploiting local resources, and fuel economic growth in the coastal regions. To this end, the conversion of tidal current power is recently growing up to a crucial sector of the ORE [2,3]. Tidal electricity, with high quality and high predictability, can become an essential part of the high-penetration renewable energy electricity grids in the future [4].



The Strait of Larantuka, located in the eastern part of the Indonesian archipelago, divides East Flores from Adunara Island (see Figure 1). The strait is circa (ca.) 3 km in length. Around the bottleneck, which is the area of interest for this study, the channel width is ca. 650 m, and the water depth along the mid-channel is around 30–35 m. The Strait of Larantuka links the Flores Sea in the north to the Flores Strait in the south. While the predicted tidal amplitude in the Flores Sea is slightly larger than 1 m, it reaches around 1.5 m in the Flores Strait. Alongside the large quantities of tidal power input from the adjoining Indian and Pacific oceans [5], the straits between the Indian Ocean and inner Indonesian seas, such as the Strait of Larantuka, are under the influence of Indonesian throughflow (ITF). The exchange of water and heat from the Pacific Ocean to the Indian Ocean occurs through ITF [6,7,8], which is capable of modulating tidal stream resources within these domains [9]. Tidal currents in Indonesian straits could also show significant changes due to the density gradients and wind-induced circulation [10].



Previously, tidal stream resources of several promising straits between the Indian Ocean and inner Indonesian seas, including the Strait of Larantuka, have been investigated [11,12]. Orhan et al. (2017) provided an overview regarding the energy potential of tidal stream currents within the straits in question, utilizing state-of-the-art measurements and high-resolution, three-dimensional (3D) flow models. The results of this study showed that the highly energetic tidal stream currents of the Strait of Larantuka have tremendous potential for renewable electricity production. Current speeds in the strait exceed 3 m/s during peak periods while the kinetic power densities reach ca. 10 kW/m2. Hence the Strait of Larantuka was proven suitable for the deployment of second generation tidal stream technologies, which are assumed to be capable of exploiting currents with peak spring flows above 2 m/s [13]. Another detailed analysis concerning the tidal stream resources of the strait, utilizing state-of-the-art modeling tools and field measurements, has been provided by Ajiwibowo et al. (2017) [14]. Ajiwibowo et al. (2017) agree with the results provided by Orhan et al. (2017) and provide a more detailed understanding of the renewable electricity generation potential in the strait. Therefore, the strait is of commercial interest [15], and the energy hotspot of the strait, encompassing an area around 3 km2, provides enough space for ORE development. In a follow-up study, Orhan and Mayerle (2017) studied the possible impacts of the tidal turbines on flow conditions in the Strait of Larantuka. For this purpose, the computational grid of the hydrodynamic model used by Orhan et al. (2017) was refined, and a practical method to study the far-field impacts of the devices for different dissipation levels was adopted. Thus, the turbine wakes, wake recoveries, and velocity deficits in the adjacent areas due to the tidal current energy extraction were resolved in more detail. Firdaus et al. (2019) also examined interaction between the turbine arrays and the flow in the Strait of Larantuka and estimated average power available at several array locations [15,16].



This study, as an extension of the earlier studies mentioned above, aims at exploring the influence of turbine array capacity and layout on flow conditions, power output of the turbine arrays, and individual turbine performances. In the Strait of Larantuka, where increasing array sizes might cause significant alterations on the flow field due to the geometric blockage effect, this information might prove essential for future planning and development efforts. To this end, as previously done by Orhan and Mayerle (2017), high resolution, three-dimensional hydrodynamic models representing the tidal energy extraction, by introducing a momentum sink term into the momentum equations in the horizontal direction, are used for the investigations. Turbine arrays with various capacities and layouts are studied to investigate the changes in the flow field, wake characteristics, and array performances. Finally, efficiencies of tidal turbines are evaluated for the proposed layouts through a simplistic approach.




2. Methodology and Application


Tidal stream currents were computed with the FLOW module of the Delft3D Modeling System, developed by Deltares, the Netherlands [17,18]. Bathymetric data for the hydrodynamic models have been obtained from single beam echo sounding surveys and SRTM15_PLUS land and sea topography global dataset [19,20]. An overall model to simulate flow conditions in several interlinked straits, including the Strait of Larantuka, was developed with horizontal grid spacing around 300 m (Figure 1, top). Open boundaries of the overall model were extended into the Flores Sea in the north, and the Indian Ocean in the south to capture the input from both systems. To simulate the flow conditions in the Strait of Larantuka with greater resolution, a detailed model of the strait was nested into the overall model (Figure 1, bottom). The computational grid of the detailed model was constructed with a resolution up to ca. 16 m in horizontal and 2–3 m in vertical within the area of interest (i.e., farm area), providing sufficient spatial resolution for the analysis of hydrodynamic impacts from isolated tidal turbines. By this way, the tidal energy extraction was parameterized in 3D as an enhanced momentum sink to accurately evaluate the impacts and performances of individual turbines [21,22]. Z-layers fixed in the vertical direction were preferred in models for the accuracy of the vertical distribution of salinity and temperature [23].



In view of the potential influence of the wind-induced circulation and resulting density gradients [10], as well as the interaction between the Indonesian throughflow and the tidal currents [9], the tide-only approach was thought to be inadequate for the target domain. Therefore, much attention has been given to the meteorological forcing and conditions at the open sea boundaries to adequately capture the density gradients and flow fields along the strait. Tidal forcing is extracted from TOPEX/Poseidon Global Inverse Solution tidal model (TPXO) Indian Ocean Atlas (1/12° regional model) and prescribed as time series [24]. Eleven harmonic constituents (M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, and MN4) were taken into account. Data to determine the salinity and the temperature at the open sea boundaries are supplied from Hamburg Shelf Ocean Model (HAMSOM), which is a 3D free surface baroclinic hydrodynamic model [7]. Data from the Global Forecast System of the National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center have been used as meteorological input [25]. Thus, the effects of air cloudiness, air temperature, atmospheric pressure, relative air humidity, and wind (in East (E) and North (N) directions) have been considered in simulations. To account for the exchange of heat through the free surface, the ocean heat flux module of Delft3D is activated, which typically applies to large water bodies [26]. Bottom roughness is computed according to the Chézy formula, and a uniform friction coefficient of 65 m1/2/s was defined throughout the model domain [18]. K-epsilon (k-ε) model is selected to include more adequately the effects of the turbulent kinetic energy and turbulent kinetic energy dissipation in simulations [27,28].



Time steps of 3s and 1s were set for the overall model and the detailed model, respectively. The chosen time steps correspond to a maximum Courant–Friedrichs–Lewis criterion of around 0.5 for both models. Earlier studies concerning the Strait of Larantuka [11,12,14,15] present the tidal current energy potential of the strait through the simulations covering a monthly period. This study mainly aims at analyzing the changes occurring in the flow field with increasing turbine array capacities, as well as wake characteristics and performances of tidal turbines. Therefore, although results concerning the entire neap-spring tidal cycle as well as individual neap and spring tidal cycles are provided, the emphasis was given to the conditions during a peak spring tide. This period, with particularly high current speeds, was chosen to analyze the flow field, turbine wake characteristics, and turbine array performances while the current speeds are sufficient for devices to operate and provide electric output.



The ability of the overall model to simulate water level elevations has been verified through tide gauge measurements. Figure 1, top panel, indicates the location of the measuring device. Figure 2 displays the comparison of simulated and measured tidal water levels for July 2014. The agreement between modeled and measured values was checked with Pearson’s product-moment correlation coefficient (r) and root-mean-square deviation (RMSD). RMSD and r values resulted respectively equal to 0.11 m and 0.99, indicating a strong, positive linear relationship.



The energy of the tidal currents in the strait is assumed to be extracted by horizontal-axis tidal turbines, positioned on sequential rows, and in alternating downstream arrangements where the flow is bounded by the seabed and the free surface. Tidal turbines, much like wind turbines, are capable of extracting energy from a moving fluid. They feature blades with airfoil cross-sections and operate due to the principles of aerodynamic lift [29]. The design turbine in this study has been described based on the properties of actual, commercially available tidal turbines [3,29]. The device, which can harness a strongly bi-directional flow, was assumed to have a rotor diameter of ca. 16 m corresponding to a swept area of ca. 201 m2. The minimum operational depth of the device was considered as 25 m. Rated, cut-in, and cut-out current speeds of the device were defined as 3.0 m/s, 1.0 m/s, and 4.5 m/s, respectively, and its rated power is ca. 1 MW. Considering the efficiencies of the various components, namely the turbine rotor, drive train, generator, and grid connection, the turbine power coefficient has been assumed as 0.41 [11,12,29]. The spacing between rows and lateral spacing between the devices was set to about 10 RD (rotor diameter) and 3 RD, respectively [12,30,31]. Figure 3 shows the arrangement of the turbines over the computational grid and bathymetric conditions within the proposed farm area (see Figure 1).



Although tidal turbines do not have significant impacts on water levels, they have been predicted to noticeably reduce both upstream and downstream current speeds while increasing them along the side of the array. In the region immediately around the area swept by the turbine, flow also accelerates [29]. In this study, the drag force, induced by the physical structure of turbine blades and supporting poles, is not taken into account. Momentum is assumed to be exchanged only across the rotors and partially dissipated due to the power generation [32]. To capture the impacts of tidal turbines on the surrounding flow field, porous plates set as momentum sinks and covering the faces of single grid cells on several vertical layers have been implemented in the model to represent the tidal current energy extraction [18,32,33,34]. Considering the power coefficient of the design turbine (Cp = 0.41), the thrust coefficient of the porous plates was chosen as 0.8 (Ct = 0.8) and assumed to be constant for simplicity [32,35]. Thereby, changes in the flow field within and around the arrays, and the wake properties have been determined concerning different array layouts. Turbine arrays deployed with four different layouts were considered. To capture the changes occurring in the flow field in response to increasing array capacities, with each layout, two additional rows of tidal turbines were introduced into the existing arrays. Thus, the proposed layouts consist of 2, 4, 6, and 8 rows of tidal turbines, comprising respectively of a total of 6, 15, 24, and 35 devices. The performances of the arrays and individual rows/turbines are evaluated for each layout separately, and comparisons among the results of the various layouts are provided.




3. Results


3.1. Flow Field


Figure 4 illustrates the flow field within the farm area in its natural state without the presence of turbines. Figure 4, top panel, shows the time series of simulated depth-averaged current speeds at the observation point 3 (see Figure 3) during July 2014. As can be seen, while peak current speeds reach around 2 m/s during a neap tide, they are much more energetic and exceed 3 m/s during the spring tidal cycle. Figure 4, middle, and Figure 4, bottom illustrate magnitudes and standard deviations of depth and time-averaged current speeds during the flooding stage of a neap (07.07.2014 18:50–08.07.2014 01:10) and a spring (15.07.2014 13:30–15.07.2014 19:50) tidal cycle, respectively. During the flood, the currents in the Strait of Larantuka flow predominantly in the northeast direction, towards the Flores Sea (see Figure 1). It can be noticed that, while depth and time-averaged current speeds are around 1 m/s during the neap tidal cycle, they exceed 2 m/s during the spring tide and show much higher standard deviations. Meanwhile, during both neap and spring tidal cycles, the main channel of the strait, where water depth is above 25 m, remains the most energetic area of the strait, and currents are rather weak closer to the banks (< 0.5 m/s). Thus, in this study, tidal turbine arrays with various capacities have been located at the highly energetic reach of the strait, as shown in Figure 5.



Figure 5 demonstrates the influence of tidal current energy extraction from the flow field during the spring tide through various turbine arrays. Properties of the tidal turbines considered in the investigations are explained in Section 2. In vertical, the upper 5 m near the free surface was avoided to prevent conflict with recreational activities, such as small boats and swimmers, to minimize turbulence and wave loading effects on the turbines, and to avoid damage from floating materials. At the bottom, the turbines were placed above the low-speed benthic boundary layer, which is approximately 10% of the mean lower low water depth and equals to ca. 3 m within the farm area [11,12,30,36]. It can be seen that, compared to the reference state, the deficit of the current speeds can reach 0.5–0.6 m/s on average during the spring tide due to the chosen layout. In layout 1 (Figure 5, top-left), the change in the flow field is minor (0.1–0.2 m/s deficit). On the other hand, increased numbers of rows and turbines deployed due to the proposed layout 4 (Figure 5, bottom-right) resulted in a deficit of about 0.5–0.6 m/s. This corresponds to decreases in current speeds of about 25%–30% on average.



Furthermore, as previously pointed out by Ahmadian et al. (2012), besides the decrease in the current speeds, both upstream and downstream of the turbine arrays, stronger current velocities can be observed on the sides, closer to the banks [37]. Especially due to the geometry of the strait and the proximity of turbines to the banks and near-shore shallow waters, bigger impacts resulted closer to Adunara Island. It can be seen that the stronger blockage effects due to the larger number of turbines in layouts 2, 3, and 4 led to increases in the current speeds of up to about 0.5–0.6 m/s on the sides of the arrays. This means that the deployment of tidal turbines with dense layouts in the vicinity of the Adunara Island’s shoreline can increase the current speeds in the area by approximately 70%–80%, with respect to the current speeds in the reference state. Meanwhile, during the neap tide, changes observed in the flow field remained insignificant due to the low current speeds. The observed magnitude of both decreases and increases in the current speeds were between 0.1–0.2 m/s even in case of the densest array layouts.



Figure 6, top, depicts the temporal changes in the natural state of the flow field caused by the turbines deployed due to the proposed layout 4 during a half-daily spring tidal cycle consisting of an ebb tide and a flood tide. The time series of current speeds at the observation points 1, 2, and 3 (see Figure 3), reveal the effects of tidal energy extraction on current speeds in adjacent areas (Figure 6, top). Observation points 1 and 3 are located respectively 20 RD upstream and 20 RD downstream of the multi-row array. Although they are on the opposite directions of the turbine arrays, observations from both points demonstrate decreases in currents speeds as compared to the reference state during flood and ebb tides alike. This means that the momentum dissipation caused by the tidal turbine arrays have similar influences on the flow field, both downstream and upstream. On the other hand, time series of the current speeds obtained from the observation point 2 (see Figure 3), close to the Adunara Island, indicate an increase in the current speeds of ca. 0.6 m/s during the flood tide and ca. 0.3 m/s during the ebb tide. As the sediment transport is proportional to the cube of the current speeds, a change in this scale can have a huge impact on the coastline through erosion and degradation [38]. In such situations, measures aimed at protecting the shoreline or alternative sites/layouts for the tidal arrays would be necessary [12,39,40].



Figure 6, bottom, shows the time-averaged current speeds computed along the transect TR (see Figure 3) on three different vertical layers: above, center, and below the turbines. It is visible that there’s an overall decrease in current speeds along the centerline, which is aligned with the turbine rotor hub. Compared to the reference state, the decrease in current speeds along the transect can reach 1.1–1.2 m/s. The average velocity deficit caused by the turbines is about 0.5–0.6 m/s, corresponding to approximately 25%–30% of the current speeds upstream of the devices. Increasing current speeds seemed to occur between laterally aligned turbines, as well as above and below the turbine rotors, indicating stronger current speeds below the free surface and above the benthic layer.




3.2. Farm Performance


The method introduced in Orhan et al. (2016) and Orhan and Mayerle (2017) was utilized for the calculation of the extractable electric power of each device. Findings were used to estimate the total power production for each row of turbines (R01–R08) of the proposed layouts (1–4). Current speeds at the hub heights (center flow layer) were used to compute the extractable power of the devices. Rated, cut-in, and cut-out current speeds, as well as the power coefficient of the turbines, were taken into account.



Figure 7 and Table 1 presents the results concerning the spring tidal cycle in detail. As expected, higher levels of energy dissipation occurred in the proposed layout 4 (Figure 7, top). Especially closer to the shoreline of Adunara Island, energy dissipation is higher due to the increased blockage effect along the side banks. On the other hand, the turbine wakes seemed to recover significantly within the 10 RD downstream spacing between the devices, even for the denser layouts 3 and 4. Figure 7, bottom, shows the time series of the total power produced by the tidal arrays. It is found that the arrays with layouts 2, 3, and 4 are unable to reach their rated power productions of 15 MW, 24 MW, and 35 MW, respectively. Only the array with layout 1 can produce electric power at its rated capacity (6 MW) for around an hour of the six-hour flood phase. Meanwhile, during the neap tidal cycle, due to significantly lower current velocities, the power output of turbine arrays remained negligible. As can be expected, array with the layout 4 provided maximum power output, which was slightly higher than 2 MW.



Table 1 shows the average electric power produced by each row of all the proposed layouts. It can be noticed that the deployment of additional rows leads to reductions of about 5%–10% in the performance of the turbines upstream. The results are aligned with the findings of Serhadlioglu et al. (2013) [41]. They pointed out that in case of high blockage ratios, placing arrays in series can reduce arrays efficiencies. Hence to minimize hydro-environmental impacts and maximize energy yield, site-specific factors such as bathymetry, number of turbines, and spatial extents of the designated farm area must be taken into account while choosing the array spacing [42].



The efficiencies of the turbines deployed due to the proposed layouts (Eturbine) were calculated by comparing the time-averaged operating capacities of the turbines (Paverage) to the rated turbine capacities (Prated), which was assumed 1MW for the devices considered in this study, as follows:


   E  t u r b i n e   =    P  a v e r a g e      P  r a t e d      



(1)







Figure 8 depicts the estimated efficiencies of the turbines concerning each proposed layout (1–4). Colors indicate the efficiency rate of each turbine. It can be seen that layouts one and two deliver the highest operating efficiency rate of the design turbine. Values up to about 50%–60% are reached. It is also visible that the lowest efficiency rates occur with layout 4. Notice that turbines located behind the array operate with efficiencies around 20%–30%.





4. Discussion


As it was previously demonstrated by several studies [11,12,14,15], the Strait of Larantuka, located in eastern Indonesia between East Flores and Adunara Island, has a great potential for renewable electricity production from the tidal currents. Hence, the strait is of great commercial interest [15]. However, the potential impacts of the large scale tidal turbine arrays on the flow field of the strait was unknown. It was thought that, in the Strait of Larantuka, large turbine arrays could cause significant changes in the flow field due to the increased geometric blockage effect, which might alleviate the power performances and efficiencies of the tidal turbines. This study aimed at exploring the influence of turbine array capacity and layout on flow conditions, power performances of the turbine arrays, and individual turbine performances. The flow field of the strait was simulated in its natural state, and considering tidal energy extraction scenarios due to four proposed multi-turbine, multi-row arrays. Although tides are the main driving force in the Strait of Larantuka, a baroclinic model was preferred to capture the potential influence of density gradients, as well as the interaction between the Indonesian throughflow and tidal currents. A design turbine, which was assumed capable of harnessing a strong bi-directional flow, was defined based on the properties of state-of-the-art, commercially available tidal turbines. The momentum sink approach was used to account for the influence of tidal energy extraction by the turbines on the flow conditions. For each proposed array, changes in the flow field, wake characteristics, and performances of arrays and turbines were analyzed. Main findings are as follows:




	(1)

	
The highly energetic tidal stream currents of the Strait of Larantuka have tremendous potential for renewable electricity production, which might bring huge improvements to the energy portfolio of the region. In their natural states, current speeds exceed 3 m/s in the main channel, while the hydro-kinetic power densities reach 10 kW/m2 [11,12].




	(2)

	
There are huge discrepancies between the impacts and performances of tidal turbines during neap and spring tidal cycles. While the devices have a significant impact on the flow field and provide a considerable power output during the spring tide, during the neap tide, the impact is negligible, and the power output is low.




	(3)

	
The decrease in current speeds caused by the tidal energy extraction differs from 0.1 m/s to 0.6 m/s during the spring tide within and around the tidal arrays due to the chosen layout. During the neap tide, deficit in current speeds remained in order of 0.1–0.2 m/s. A drastic increase in currents speeds (80%) was observed along the side banks of Adunara Island during the spring tidal cycle, mainly because of the proximity of devices to the near-shore shallow waters of the island. Such alterations can have a significant influence over the sediment dynamics within the farm area and in adjacent marine environments. Measures aimed at protecting the shoreline against erosion and degradation or, when necessary, seeking alternative sites/layouts for the tidal arrays is highly recommended [37,38,39,40].




	(4)

	
During both neap and spring tidal cycles, decreases in current speeds were observed both downstream and upstream of the arrays throughout flood and ebb tides alike. The energy dissipation and the blockage effect of the devices caused an overall change in the flow field and not just downstream of the devices.




	(5)

	
Due to the arrangement of the devices in proposed layouts, turbine wakes showed different characteristics as compared to those occurring behind isolated turbines. Current speeds seemed to increase between the laterally aligned turbines as well as above and below the turbine rotors. As indicated in an earlier study [32], increased velocities around the turbine swept area enhance the wake mixing process and therefore accelerates the wake recovery downstream of the tidal turbines.




	(6)

	
The arrays with layouts 2, 3, and 4 were unable to reach their rated power productions during the spring tide. Only the turbine array with layout 1 was able to produce electric power at its rated capacity for a significant time. Each time new rows were added downstream of the existing array, there is a 5%–10% reduction in the performances of the rows located upstream. Results confirm the disadvantage of placing turbine fences in series in bounded channels where geometric blockage effect might be an issue [41]. Thus, especially while deploying large scale arrays, it is highly recommended to take site-dependent factors such as bathymetry, number of turbines, and spatial extents of the designated farm area into account while deciding array layouts [30]. In bounded channels, such as the target domain, partial turbine fences closer to the one side of the channel might prove advantageous to reduce geometric blockage effect as well as cabling and shipping costs. It might also be useful to revisit and update the recommendations concerning the spacing between tidal turbines [42].




	(7)

	
During the spring tide, the maximum operating efficiency rates of the turbines in the order of 50%–60% resulted in the layouts 1 and 2. The lowest efficiency rates occur with the tidal energy extraction scenario due to layout 4. Turbines located behind the array operate with the efficiencies around 20%–30%. Meanwhile, during the neap tide, turbines performed with efficiencies lower than 10%.




	(8)

	
Due to the lack of field data, it was not possible to adequately calibrate and validate the presented model. Tide gauge measurements used for verifying model’s capability of simulating water level elevations were limited to a single station. Furthermore, providing a first-hand verification of the model’s ability to simulate tidal currents was not possible due to the absence of the current measurements. Nevertheless, despite the sparsity of field data, the detailed hydrodynamic model was able to simulate the flow conditions in the Strait of Larantuka reasonably well. We found that the model output concerning the tidal current speeds in their natural state and deficits in tidal current speeds caused by the turbines are aligned with the measurements provided by the earlier numerical and physical modeling studies [14,31,32,43]. However, enhancing the performance of the model through more comprehensive field surveys might prove highly useful for future investigations. Overcoming such problems related to calibrating and validating models developed for the remote and data-poor regions might be possible through community efforts. Data platforms enabling the efficient sharing of field data between different research groups and open source databases, such as the Global Sea Level Observing System (GLOSS) established by the United Nations Educational, Scientific and Cultural Organization (UNESCO), might prove highly useful for research and development efforts worldwide. Moreover, methods to reduce the uncertainty of the model output in case of scarce field data might be improved as a part of future research efforts [9].









The findings may help us to understand the effects of tidal energy extraction on the hydro-environment, and provide a practical approach to oversee array performances and device efficiencies throughout the development of commercial arrays. Results clearly show that, in bounded channels, increasing array sizes might significantly affect the flow field and undermine performances of the tidal turbines. Therefore, in such domains, it highly recommended to consider site selection for turbine deployment as a continuous process. Thus, optimal locations for the devices can be identified throughout the development of tidal farms, environmental impact can be minimized, and overall performances of the arrays can be maximized. Moreover, since that the results of this study are particularly of interest for bounded channels, further research is recommended concerning the channels with different geometries and physical constraints. Future work concerning the Strait of Larantuka can involve evaluating the relationship between the sediment dynamics and water quality in the strait and tidal turbine arrays. Possible influence of the significant blockage effect caused by tidal turbine arrays deployed in the Strait of Larantuka can be studied on interlinked straits as well as on a regional scale. Moreover, modeling approaches and methods developed within this study can be refined and adopted to resolve the interactions between the tidal turbines and stratified ocean currents, where the tides are negligible.
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Figure 1. Nesting sequence of the computational grids for the Strait of Larantuka. 
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Figure 2. Comparison of modeled and measured tidal water levels at the tide gauge (TG) location (see Figure 1) during July 2014. Grey bars indicate the neap and spring tidal cycles considered for the analysis. 
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Figure 3. Computational grid, observational points 1, 2, and 3 (red marker) and transect TR (blue line) (a), bathymetry (b), and turbine arrangement due to the proposed layout 4 (a, b). 
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Figure 4. Simulated depth and time-averaged current speeds at the observation point 3 (see Figure 3) during July 2014 (a); magnitudes and standard deviations of depth and time-averaged current speeds during the flooding stage of a neap (b) and a spring (c) tidal cycle (see top panel). Figures illustrate the flow field within the farm area (see Figure 3) in its natural (reference) state. 
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Figure 5. Difference of the depth and time-averaged current speeds (15.07.2014 13:30–15.07.2014 19:50) between the reference state (see Figure 4) and energy extraction scenarios due to proposed arrays with layout 1 (a); layout 2 (b); layout 3 (c); layout 4 (d). 
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Figure 6. Time-series of depth-averaged currents speeds at the observation points 1, 2, and 3 (see Figure 3) simulated for the spring tidal cycle (see Figure 4a) with (w/) and without (w/o) the turbines, respectively (a); time-averaged currents speeds from above, center, and below the turbines over the transect TR (see Figure 3) calculated for the flood tide during the spring tidal cycle (b). Plots show the currents speed simulated considering the turbines deployed due to the proposed layout 4 (Figure 5). 
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Figure 7. Spatial variation of the average kinetic power densities at the center flow layer during the flood phase of the spring tide (15.07.2014 13:30–15.07.2014 19:50) for arrays with layout 1 (a); layout 2 (b); layout 3 (c); layout 4 (d); time series of the total power productions of the arrays during the flood tide (e). 
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Figure 8. Turbine efficiencies during the flood tide (15.07.2014 13:30–15.07.2014 19:50) in arrays with proposed layout 1 (b); layout 2 (c); layout 3 (d); layout 4 (e). The colored markers indicate the efficiency rates of the devices (a). 
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Table 1. Time-averaged electric power that can be delivered to the local grid (in megawatt, MW) by tidal turbine rows (R01–08) during the flooding stage of the spring tidal cycle (15.07.2014 13:30–15.07.2014 19:50) considering different array capacities.






Table 1. Time-averaged electric power that can be delivered to the local grid (in megawatt, MW) by tidal turbine rows (R01–08) during the flooding stage of the spring tidal cycle (15.07.2014 13:30–15.07.2014 19:50) considering different array capacities.





	Layout
	R01 (MW)
	R02 (MW)
	R03 (MW)
	R04 (MW)
	R05 (MW)
	R06 (MW)
	R07 (MW)
	R08 (MW)
	TOTAL (MW)





	1 (R01–02)
	1.48
	1.60
	-
	-
	-
	-
	-
	-
	3.08



	2 (R01–04)
	1.34
	1.43
	1.94
	2.10
	-
	-
	-
	-
	6.81



	3 (R01–06)
	1.23
	1.31
	1.78
	1.91
	1.55
	1.71
	-
	-
	9.49



	4 (R01–08)
	1.14
	1.21
	1.64
	1.77
	1.44
	1.56
	1.64
	1.25
	11.64
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