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Abstract


The Cook Strait in New Zealand is an ideal location for wind and tidal renewable sources of energy due to its strong winds and tidal currents. The integration of both technologies can help to avoid the detrimental effects of fossil fuels and to reduce the cost of electricity. Although tidal renewable sources have not been used for electricity generation in New Zealand, a recent investigation, using the MetOcean model, has identified Terawhiti in Cook Strait as a superior location for generating tidal power. This paper investigates three different configurations of wind, tidal, and wind plus tidal sources to evaluate tidal potential. Several simulations have been conducted to design a DC-linked microgrid for electricity generation in Cook Strait using HOMER Pro, RETScreen, and WRPLOT software. The results show that Terawhiti, in Cook Strait, is suitable for an offshore wind farm to supply electricity to the grid, considering the higher renewable fraction and the lower net present cost in comparison with those using only tidal turbines or using both wind and tidal turbines.
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1. Introduction


The World Energy Outlook 2019 clarifies the effect of current decisions on energy systems in the future. If no policy actions are taken, then the current trend of energy demand is anticipated to increase by 1.30% per year until 2040, leading to an increase in emissions [1]. Today, with the increasing global energy demand and global climate change, two important solutions have been considered to tackle this issue: (i) reducing the cost of energy and (ii) finding new sources of energy that are environmentally friendly [2]. With the negative climate impact of fossil-fuel power generation and the requirement of global policy to shift towards a green mix of energy production, the investment in renewable energy is an opportunity in developing countries. However, a poor economy associated with limited income, funds availability, and regulations governing project funding and development are key factors that challenge investors in the energy sector [3].



In New Zealand, the Government set a target to reach 90% electricity production from renewable sources by 2025 [4,5] and 100% by 2035 [6]. Currently, there are 11,349 km of transmission lines that distribute electricity from remote areas, where generators are located, all over New Zealand. The Cook Strait cables connect the power line of the North Island to the South Island, as shown in Figure 1. These bi-directional cables carry 350 kW electricity [6].



New Zealand consumes about 38,800 gigawatt-hours (GWh) of electricity per year. In 2017, renewable sources (hydro, geothermal, wind, and solar) supplied 59%, 17%, 5%, and 0.2% of the country’s electricity needs, respectively, and thermal sources (coal, diesel, and gas) supplied the other 18.8% [6].



Wind power systems are a cost-effective technology for harnessing renewable energy and have expanded annually at a dramatic rate of 25–35% globally over the last decade [8,9].



In more recent studies, the advantages of offshore wind generation against onshore wind generation have been highlighted through life cycle analysis (LCA), showing a 48% improvement in the sustainability of the project [10]. Offshore wind farms have increasingly attracted massive investment since 2015 [11]. However, the cost of electricity using offshore wind is still high [12]. Installing tidal turbines in New Zealand, as another good source of renewable energy, is usually considered to be not cost-effective because the turbines can be exposed to harsh currents that can reduce their life, and their foundation designs can be complicated in water deeper than 30 m [13].



Wind power systems, as a form of renewable energy source, are often integrated with other forms of power-generating systems to form a small power grid, known as a microgrid. The integration of both wind and tidal turbines using the same foundation reduces the cost of electricity [14] and enables a more predictable power generation from two different sources of energy.



The North and South Islands of New Zealand are separated by Cook Strait, connecting the Tasman Sea and the Pacific Ocean. It is 22 km wide at its narrowest point as shown in Figure 2 [15].



Much of the seabed is at water depths of less than 150 m, except through the Narrows, where depths reach greater than 300 m, and to the southeast in the Cook Strait canyon system [15].



The Cook Strait has been particularly explored due to the following unique features:




	
strong convergent tidal flows in the context of a subtropical ocean convergence zone;



	
the convergence of two crustal plates, underwater land sliding, and highly erosive currents; and



	
wind funnelling and the associated high waves [17].








This paper investigates the best scenario in Cook Strait for a microgrid using wind and tidal energy as Cook Strait has the greatest potential for tidal energy in New Zealand. Three different scenarios of electricity generation are analyzed (i) using tidal turbines only, (ii) using wind turbines only, and (iii) using both wind and tidal turbines.



From a technical point of view, the contributions of the paper are as follows:




	
Explore the use of tidal energy for on-grid design.



	
Explore microgrid design to link tidal energy with other sources.



	
Explore the use of optimization software as a method how to apply wind and tidal data into microgrid design.



	
Define a method that could be used to optimize a microgrid of wind and tidal turbines anywhere to facilitate future feasibility studies.








HOMER Pro and WRPLOT view software are used for the integration of energy sources and analysing the resources’ potential. The HOMER Pro® microgrid software is used to optimize the off-grid and on-grid designs in both engineering and economic aspects for residential, commercial, and community purposes [18]. The WRPLOT view software is used to provide the available classes of turbine speeds for a given location [19].



The paper is organized as follows: After the Introduction Section, Section 2 presents the methods used to evaluate the scenarios and the models used, Section 3 presents the Results and Discussions, and finally, the Conclusions are given in Section 4.




2. Methods


HOMER (hybrid optimization model for multiple energy resources) [18] is used for the microgrid design of energy resources. Several simulations are carried out to design a DC-linked wind and tidal-based microgrid for electricity generation in the Terawhiti site in New Zealand. The resource conditions (wind speeds and tidal currents) can play an important role in selecting the microgrid components so that the microgrid can produce more electricity at a lower cost considering the technical constraints e.g., the 25-year project lifetime [20].



It is envisaged that the microgrid may also have the following:




	
a biodiesel generator, as a backup to cover the base load from renewable sources in off-grid scenarios, and



	
battery energy storage, for energy-storage applications.








There is also a need to investigate where the microgrid will link the offshore tidal and wind electricity outputs into the main grid. Several supply links may already exist, but if there is no supply link, a new link will have to be chosen.



The link should consist of:




	
on-shore distribution lines, which can be overhead and underground lines with a percentage of distribution line losses; a



	
transformer, to transfer electrical energy from one electrical circuit to another circuit; and a



	
controller to manage or direct the load.








For the new hybrid wind and tidal system, other components will need to be purchased and installed. They are:




	
support structures for tidal and wind turbines;



	
tidal and wind turbines (including electrical generators);



	
converters, to rectify the AC output of the generators to DC;



	
marine cable, to feed power to a DC-AC converter at a site, then through an AC land cable to a system controller at a station; and a



	
shore station, to feed the marine cable’s output into an AC network, where the cable emerges onto land.








To achieve islanded power generation, no grid is required, while, in a grid-connected system, there is a need to connect the output power of the generators to the grid [21]. Microgrids, either in grid-connected or islanded mode, could contribute to the future of clean energy by better controllability and adaptability [22].



The selection of the most economically viable project through the application of the incremental internal rate of return analysis can be affected by variations of any of the cash flow components, such as, for example, the capital cost, the operation, and maintenance cost, the fuel cost (as in the case of the diesel generator), the debt-to-equity ratio, the interest rate, etc. If a project is selected for investment, then it is to be funded by two resources. These are bank loans and promoters’ contributions. Bank loans reflect the debt component of the project cost and represent 75% of the capital cost of the project. On the other hand, promoters are to cover 25% of this cost [3].



There are two main electrical parameters for the optimization process; the total net present cost (NPC) and the levelized cost of energy (COE). The total value, which is calculated by HOMER for the installation, replacement, operation and maintenance, fuel, and the salvage of all components minus all the revenue during its lifetime, is the NPC or the life-cycle cost. The average generation cost of 1 kWh electricity is the COE [18].



Both of these parameters depend on the annualized cost of the system. The total NPC is calculated and can be expressed by (1) [23],


   C  N P C   =    C  T   A N N     C R  F  i , N      



(1)




where    C  T   A N N     is the total annualized cost, i is the actual interest rate, N is the number of years and   C R  F    i , N       is the capital recovery factor, which is calculated as,


  C R  F  i , N   =   i     1 + i    N        1 + i     N − 1      



(2)







The levelized cost of energy is given by,


  C O E =    C  T   A N N      E  l s   +  E  g r i d      



(3)




where    E  l s     and    E  g r i d     are the amount of energy served by the microgrid and sold to the grid [20].



2.1. Site Selection


The Electricity Market Information website (EMI) [24] is part of the New Zealand Electricity Authority’s information website. Based on the facility location of the project, the microgrid considered in this study will be designed to provide the electricity demand to node CPK0331 (Central Park), in the south of the northern island of New Zealand, as shown in Figure 3.




2.2. Identifying Demand


The EMI data has been used in the case study to estimate the monthly and hourly generation pattern as shown in Figure 4. Figure 4 shows that the peak (Figure 4a) and trough (Figure 4b) months are July and January, respectively [24].




2.3. Obtaining Environmental Data


According to the MetOcean atmospheric model shown in Figure 5a, the tidal currents in four areas, (i) Cape Regina (in the north), (ii) Cook Strait (between two Islands), (iii) Foveaux Strait (in the north of Stewart Island), and (iv) south of Stewart Island are more than 1 m/second. The south of Stewart Island was ruled out as it is far from clients and markets and any installation there would increase the cost of the project significantly [26].



So, for the microgrid design, two areas are suitable, (i) Cook Strait, in the south of the northern island, for the grid-connected design (Figure 5b), and (ii) the Foveaux Strait, in the south of the southern island, for the off-grid design on Stewart Island.



Tidal current modeling was conducted on an NZ-wide grid with a 0.06° resolution (5.6 × 6.6 km). The simulation nested high-resolution domains over Cook Strait (0.002°; 170 × 230 m). The tidal current around New Zealand is hindcasted by the Princeton Ocean Model (POM) in a vertically integrated two-dimensional mode with boundaries provided from the global TPX07.1 solution [26]. This model is the result of solving a set of partial differential equations of the spatial variability of tides using the Goring simplified continuity equation, the Navier-Stokes equations (by eliminating the vertical dimension-integrating velocities over depth), and a finite-element method [27].



The results showed that among these points, the Terawhiti point in Cook Strait has the strongest tidal currents for tidal power generation.



Global Wind Atlas [28] of New Zealand (Figure 6a) indicates that this point (Figure 6b) is also in an area with a high potential for wind energy.



The geographical coordinates of selected site are shown in Table 1 and Figure 7.




2.4. Microgrid Components and Resources


To design a microgrid, the first step is to identify a site that is acceptable in terms of energy resources and power output and generation. This was done by contacting the National Institute of Water and Atmospheric Research (NIWA) and analyzing the wind and tidal conditions in those locations.



The next step is to import the resource data, such as wind and tidal current speeds. The wind speed values for the selected site can be automatically downloaded, from which the annual average wind speed can be calculated. However, the water speeds are not as easy to import, as HOMER needs hourly data from a 12-months period, which means a total of 8761 (total number of hours in a year) values of water speed need to be gathered and imported to HOMER to calculate the annual average water speed.



After that, various components need to be selected for the design including the data for the loads, wind and tidal turbines, convertor, controller, battery, and generator. The models and cost of all elements should be fed to HOMER. After completing the data entry, the simulation can proceed to analyze the cost–benefit comparison of the three technologies in these sites [20].



The main component for generating electricity from renewable energy resources (wind and tidal) is the turbine [29,30]. Wind and tidal turbines with similar capacities were selected from 19 Siemens SWT-3.6 MW-107 wind turbines and 38 AR2000 [2 MW] tidal turbines. The SWT-3.6–107 wind turbine was found to be an ideal offshore turbine. A strong structural design, self-regulating lubrication systems with great supplies, temperature control of the internal conditions, and a simple generator system without slip rings provide high reliability with long service periods. The unique net converter system for grid codes, from Siemens, has maximum flexibility in the output adjustments and faults. Also, in the design of the main components, best engineering practice needs to be used in terms of safety and dimension sizing [31]. The Siemens SWT 154, a6-MW turbine, marginally emerged as the favorable choice, using an options matrix from Plymouth University [32]. For the chosen tidal turbine, a comparable turbine of Siemens was chosen for the hybrid model.



A DC bus connects all the components, where, in this study, the wind and tidal turbines are the sources of energy. There is another setup in HOMER to choose the type of load profile that needs to be identified, such as residential, commercial, industrial, or community, where, in this study, the residential load was used. If energy storage is available, HOMER also requires the energy storage type. To ensure that the proposed microgrid can work autonomously, the Basf Nas 1250-kWh battery was chosen for storage set-up after many simulations [33].



The grid-connected system under consideration consists of wind and tidal turbines combined with a battery energy storage system (BESS) [34] to account for periods of prolonged lack of wind and tidal current, as shown in Figure 8.



2.4.1. Wind Turbine


Figure 9 shows the power curve of the Siemens SWT-3.6–107 wind turbine. This turbine is the latest model from Siemens in the multi-MW class, having pitch technology with variable speed [35]. The capital, replacement, maintenance, and life of a turbine are taken as $6,000,000, $6,000,000, $120,000/year, and 20 years respectively. The power equation of the wind turbine is presented by Equation (4):


   P  w i n d   = 3.009 /   0.0008354 +  e  − 0.7916 V      



(4)







The pertinent details for the Siemens SWT-3.6–107 wind turbine are set out in Table 2.



The cut-in speed (the required wind speed for generating electricity) for the Siemens SWT-3.6 wind turbine is 4 m/s [38]. The WRPLOT viewing software [19] was used to find the wind frequency distribution in Terawhiti. Figure 10 shows that, for 78.2% of the year the wind speed, is greater than 4 m/s, hence it is suitable for electricity generation in Terawhiti.




2.4.2. Tidal Turbine


To understand the potential for tidal energy in New Zealand it is important to appreciate some unique features of its tidal patterns. The tidal pulls caused by lunar magnetism produce two high tides and two low tides over 24 h and travel around the New Zealand coast in about 12 h 25 min, which takes about 6 h 10 min for each incoming (flood) and outgoing (ebb) tide. The tide times vary from western New Zealand to eastern New Zealand (Waitemata harbor, Auckland and Manukau harbor, Auckland) in an anti-clockwise direction. Each harbor is adjacent to only a small piece of land with 4 h separating tidal patterns between the harbors (historical records show that Maori would take a canoe overland between Waitemata and Manukau harbors near Onehunga as a war party or for better fishing) [16]. Figure 11 is an example of a high tidal range site (Port Taranaki shown as Figure 11a) and a low tidal range site (Napier shown as Figure 11b), produced using TPX09 software [39].



The diurnal inequality is more evident in Port Taranaki with a high tidal range. A strong complicated tidal current can be found through Cook Strait, between the North and South Islands [16]. The Terawhiti site which is investigated in this paper for microgrid design is in the Cook Strait area.



HOMER software provides different types of tidal turbines that are available in Hydrokinetic, a part of its library of components. Choosing two AR2000 tidal turbines, four cost parameter need to be fed to the software, (i) the capital (or installation and wiring and mounting expenses); (ii) the replacement cost; (iii) the maintenance cost; and (iv) the lifetime of the tidal turbines. For the purpose of this research, the following parameters were used: $3,000,000, $3,000,000, and $60,0000/year and 20 years, respectively. The power curves of the tidal turbine are given in Figure 12. The power equation of tidal turbine is presented by Equation (5):


   P  t i d a l   = 31.61 /   0.01549 +  e  − 2.156 V      



(5)







The pertinent details for the AR2000 tidal turbines are set out in Table 3.



Figure 13 shows that water speed, for 69.3% of the year, is greater than the cut-in speed required by the AR2000 tidal turbine.




2.4.3. Battery Energy Storage


The integration of renewable sources requires proper storage backup [20]. The storage unit tabulated in Table 4 is a BASF NAS ® 192-volt battery with 1250 kWh of energy storage, due to its reliable performance and cost-effective operation. The capital, replacement, maintenance costs, and the life of the battery are given as $330,000, $330,000, $6,600/year, and 20 years, respectively [33].




2.4.4. Inverter


Inverters are required to connect the DC microgrid to the grid connection. The inverter used was a generic system inverter that is much cheaper than a bidirectional inverter. Selecting the HOMER optimizer parameter allows the HOMER grid to optimize the size of the inverter. The capital, replacement, maintenance costs, life, and efficiency of the converter were given as $154, $154, 15.4$/year, 15 years, and 90%, respectively [20].




2.4.5. Controller


The controller component specifies how the proposed system operates during the simulation. Among the dispatch strategies of the HOMER software, load following (LF) was selected to produce only enough power to meet demand. The capital, replacement, maintenance costs, and the life of the controller were given as $200, $200, $5/year, and 25 years, respectively [18].




2.4.6. Grid


For the simulation of the grid-connected system, ‘simple rates’ mode plus net metering was chosen. This type of design has two beneficial aspects; it considers emission factors and the timing when excess power is sold to the grid; HOMER calculates the power cost at the retail rate. So, net metering provides lower cost of production and greater income [18].





2.5. Optimizing the Design


Microgrid design optimization is possible because using HOMER Pro® has become a recognized global standard for off-grid and grid-connected systems [40]. The optimized scenario generates maximum electricity from renewable sources or has a higher renewable fraction.




2.6. Feasibility Analysis


As explained in Section 2, the economic analysis module of HOMER was used to estimate NPC and COE. Cost-effective analysis is an important part of the investigation to estimate the lowest possible NPC and COE [20].





3. Results and Discussions


Electricity Market Information data was used to estimate monthly and hourly generation. The peak hourly load was 73,000 kW. The EMI load is shown in Figure 14. The top graph (Figure 14a) shows that the average daily load fluctuated between 19,809 and 61,954 kW. The bottom graph (Figure 14b) shows that the average monthly load for different months of the year fluctuated between 20,419 and 39,354 kW in January and between 27,483 and 62,193 kW in July. The daily demand for the year averaged 891,230.16 kWh/d, with a load factor of 0.51, and the total demand is 325,299,008 kWh/year. [24].



Resources are external parameters of the microgrid system that are required by HOMER. The selection of resources depends on the location and affects the power generation and financial viability of microgrid design and, hence, a careful choice is necessary for a successful analysis [23].



The resource types essential for this microgrid design are wind speed (downloaded by HOMER from the National Aeronautics and Space Administration (NASA), and water speed (provided by NIWA) for the year 2020.



Based on the resource frequency distribution, as shown in Figure 10 and Figure 13, the power that can be produced by the wind and tidal turbines at the Terawhiti site was chosen and is shown in Figure 15. The maximum output of the selected wind and tidal turbines are 3600 kW and 2000 kW, respectively, and Figure 15a for tidal turbine and Figure 15b for wind turbine indicate they can reach their rated output in Terawhiti at peak power.



Figure 16 compares the fluctuations in the power demand for three days, using the outputs obtained from the wind source (Figure 16a), tidal source (Figure 16b), and both wind and tidal sources (Figure 16c). Figure 16 show that the use of wind energy alone is better, when compared with the other designs.



The graphs in Figure 16 show that the higher the capacity of the wind or tidal power, the lower the grid energy purchased. Figure 17 shows the electrical load served from different cases vs consumption in the same period and shows that wind power can generate higher power and that purchasing from the grid is lower.



Section 3.1 and Section 3.2 evaluate different designs, using the HOMER software to optimize the turbine and generator operations, to meet the demand fluctuations throughout the year. Section 3.3 and Section 3.4 discuss the results, in terms of power generation and cost-effectiveness, respectively. The number of turbines used was 36 wind turbines (36 W), 113 tidal turbines (113 T), and a combination of 19 wind and 38 tidal turbines (19 W + 38 T).



3.1. Power Generation Results


Table 5 shows the mean output, the hours of operation, and the total production for each scenario. The number of turbines for each scenario is proportional to the amount of power consumption. The total power demand from Central Park is 325,299,008 kWh/year.



Figure 18a–c shows the monthly average power output (kW) and the share of resources for different scenarios. The renewable fraction of wind-only scenario (36 W) is 66.3%, which is higher than the tidal-only scenario (63.9%) and the combined wind and tidal sources (65.4%).



HOMER results indicates that for the 36 W scenario, 122,551 kWh/year energy is lost due to battery loss and battery storage depletion, which is lower than 113 T and 19 W + 38 T scenarios, which lost 396,486 and 273,186 respectively. Also, the mean output of the inverter in 36 W was 32,738 kW, which was higher than 113 T and 19 W+38 T scenarios, which output 32,187 and 27,983 respectively. The annual output of the inverter is shown in Figure 19.



The efficiency of the inverter, in all calculations, was 90%. The sensitivity analysis to the inverter efficiency was performed at increments of 5%, as shown in Table 6. According to the sensitivity analysis of the inverter efficiency, the wind project was still the most technically viable.




3.2. Financial Analysis Results


Table 7 is a summary of financial analysis for different scenarios at the Terawhiti site.



The 36 W scenario seems more economical to install and operate. Table 8, Table 9, Table 10 depicts the optimization results for each scenario. The renewable fractions are 66.3%, 63.9%, and 65.4% respectively. A renewable fraction (RF) of 66.3% means that 66.3% of electricity is supplied from wind turbines and the rest from the grid. Hybrid systems with a renewable fraction of more than 66% can produce high revenue. [41]. The 36 W wind turbine meets this criterion. It has lower capital and operating costs and a lower NPC than the 113 T or 19 W + 38 T turbines, and most importantly, it has a lower COE.



Table 11 and Figure 20 show the scenario with the lowest costs at the Terawhiti site, the net present cost of each component in the system, and the system cost as a whole. The replacement and salvage costs are small. The main costs are capital and operating costs.



HOMER provides an overview of the winning system—the system with the lowest net present cost in comparison to the base system. The base-case system is the system with the lowest initial capital cost. There could be scenarios wherein the base-case system is also the winning system. According to Table 7, the NPC of the winning 36 W system is 400 M$, which is lower than the 586 and 456 M$ for 113 T and 19 W+38 T, respectively. This value is also lower than the NPC of the base system (421 M$) for 36 W. Figure 21 shows how the winning system of 36 W can save money over the project lifetime.



A sensitivity analysis was conducted to examine the impact of capital cost, operation, and maintenance cost on the selection decision, considering the comparison of the different scenarios discussed above. The project capital and the operation, and maintenance cost are allowed to vary between 10% and −10% at increments of 5%, using RETScreen [42]. Table 12 serves as a guide to interested investors on the best option for investment among the W, T, and W+T projects when considering such variations. Table 12 shows that the corresponding capital variation in the projected internal rate of return is in the range of [15.7%, 20.3%] for W, [9.5%, 13.3%] for T, and [9.4%, 13.2%] for W+T and the corresponding O and M variation in the projected internal rate of return is in the range of [17.5%, 18.1%] for W, [11.1%, 11.5%] for T, and [10.9%, 11.3%] for W+T. According to the incremental internal rate of return analysis, the wind project was the most economically viable project when considering the variation in the capital and O and M costs between −10% and 10% of the total cost of the project, compared with the others. The minimum acceptable rate of return (MARR) was determined to be 14%. Table 12 shows that the T and W+T projects are rejected, as their calculated IRR values are less than the MARR.



Economic assessment using the incremental rate of return method [43] and the application of sensitivity analysis on the capital cost and operation and maintenance cost to select the best economic project among wind, tidal, and combination of wind and tidal projects revealed that 36 W is a more attractive and feasible option compared to other distributed generation projects.




3.3. Discussion of Power Generation Results


Table 13 shows the mean output power for all scenarios. Central Park’s mean power demand is 37,134.6 kW. All scenarios can meet the mean demand, but none of the total outputs can meet the peak demand (73,000 kW).



Table 14 shows the percentage of the electricity produced by the wind and tidal turbines. Central Park’s total power demand is 325,299,008 kWh/year. The 36 W wind turbine produces the highest renewable energy fraction and could contribute 68.6% of power demand.



Comparing different designs shows that the 36 W wind turbine is the best design for meeting the electricity demand of Central Park by wind.



Although the MetOcean model indicates that Terawhiti is in an area with the New Zealand’s highest tidal energy, the renewable fraction of the 36 W wind turbine is higher than in other scenarios. Based on the calculations, the ratio of renewable production to total consumption is considered to be 73% for all scenarios. The wind energy-only option can maximize its contribution and minimize the grid purchases in comparison with the other cases.




3.4. Discussion of Financial Analysis Results


In this section, the scenarios are compared, based on the financial analysis results from Section 3.2, which are summarized in Table 15.



Capital equipment/ Replacement: The cost is least for the 36 W wind turbine scenario.



Construction: The cost of project installations is not shown, because HOMER Pro’s financial analysis module does not include it (it only compares equipment, operating, and resource costs).



Removal/reinstatement: The cost to remove or re-instate project installations (at end of design life) is not shown, for the same reason as above.



Operation: The cost is the least for the 36 W wind turbine scenario, which generates more power from fewer turbines. The operating cost for the 113 T tidal turbine scenario is greater because this scenario has numerous turbines. The operating cost is most expensive for the scenarios that generate less power from renewable sources.



The total net present cost (NPC): The NPC is the least for the 36 W wind turbine scenario because this scenario has low equipment and operating costs and generates more power (68.6%) from renewable sources.



The total cost of energy: the COE is the least for the 36 W wind turbine scenario and almost the same for the 113 T and 19 W+38 T scenarios when their NPCs are levelized (per kWh over the life of the project).



The 36 W wind turbine scenario is optimal for power generation because it produces the highest renewable fraction (66.3%), while the RF for the 19 W + 38 T and 113 T scenarios are 65.4% and 63.9%, respectively. Its total NPC seems affordable at 400 million dollars. Its levelized cost, at 7 c/kWh, appears better than the investment in tidal energy, based on the tidal models.



A problem with HOMER Pro’s financial analysis is that it only evaluates equipment, operating, and resource costs when calculating NPC and COE. A realistic comparison of NPC and COE should include the construction and installation costs, particularly for the offshore platforms, marine cables, and a DC-AC shore converter station.





4. Conclusions


This paper has investigated a DC-linked wind-tidal battery-based microgrid for electricity generation in node CPK0331 (Central Park) in the south of the northern islands of New Zealand. The system considered the good potential of wind and tidal sources in this area to design an environmental-friendly microgrid connecting to the national grid with cheaper electricity generation.



Many simulations were conducted to design the DC-linked microgrid for integration with the electricity grid to supply the residential load in Terawhiti. Based on the selection of components, and by including the resource data of the wind speed and tidal currents, the microgrid design provides the capacity and cost for different options.



HOMER Pro was used to compare different scenarios and propose an optimized microgrid system and the required components thereof to generate maximum power from renewable sources with the lowest cost of generation.



The power generation and financial analysis results for the various scenarios, as presented and discussed in Section 3, enable several conclusions:




	▪

	
There are enough tidal currents to generate electricity during 69.3% of the year at an offshore site close to CPK0331 (referred to as the Central Park).




	▪

	
There is also enough wind speed to generate electricity during 78.2% of the year at the Foveaux site.




	▪

	
The DC power from the offshore Terawhiti site can be integrated into the national grid at CPK0331 by using the microgrid design described in Section 2.




	▪

	
The proposed solution is to mount the wind and tidal turbines on the same offshore platform, design a DC-linked wind-tidal-battery-based microgrid to feed the power through a DC marine cable to a DC-AC converter at the CPK0331 onshore, then transmit the power through an AC land cable to a system controller at the Central Park station.




	▪

	
The offshore renewable sources enable several scenarios to provide the demand of Central Park with HOMER Pro, which looks promising. The optimal scenario generating maximizing electricity is thirty-six wind turbines (36 W).




	▪

	
The renewable output of 68.6% from the 36 W scenario (look at Table 14) is worth implementing, when compared with the other scenarios.




	▪

	
Once built and installed on-site, the design can be operated at an affordable levelized cost of 7 c/kWh (look at Table 6) over the project life, which is lower than adding the tidal source.
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Figure 1. Map of Cook Strait cables [7]. 
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Figure 2. Location of Cook Strait [16]. 
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Figure 3. Node load trends of New Zealand [25]. 
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Figure 4. (a) Maximum and (b) minimum load of CPK0331. 






Figure 4. (a) Maximum and (b) minimum load of CPK0331.



[image: Fluids 06 00426 g004a][image: Fluids 06 00426 g004b]







[image: Fluids 06 00426 g005] 





Figure 5. Tidal current speeds (a) around New Zealand and (b) Terawhiti in cook strait. 
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Figure 6. Wind blow conditions in (a) New Zealand and (b) Terawhiti [28]. 
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Figure 7. Location of Terawhiti in Cook Strait. 
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Figure 8. Schematic layout of DC microgrid. 
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Figure 9. The power curve of the Siemens SWT-3.6 MW-107 m offshore wind turbine [18]. 
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Figure 10. Wind frequency distribution in Terawhiti. 
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Figure 11. (a) An example of a high tidal range site at Port Taranaki, and (b) a low tidal range site at Napier. 
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Figure 12. The power curve of the AR2000 tidal turbine [18]. 
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Figure 13. Tidal frequency distribution in Terawhiti. 
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Figure 14. (a) The daily and (b) monthly load of central park. 
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Figure 15. Power output fluctuation for (a) tidal turbine and (b) wind turbine at the Terawhiti site. 
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Figure 16. Variation of required demand and power generation over three days at Terawhiti with (a) only wind turbine, (b) only tidal turbine, and (c) wind and tidal turbine. 
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Figure 17. Electrical consumption over three days at Terawhiti versus electrical load served by the wind turbine, tidal turbine, and wind and tidal turbine combination. 
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Figure 18. Monthly average output power for (a) 36 W, (b)113 T, (c) 19 W + 38 T. 
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Figure 19. Annual inverter output for 36 W. 
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Figure 20. Cost summary for the 36 W scenario. 
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Figure 21. Cumulative cash flow of 36 W. 
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Table 1. The environmental parameters of Terawhiti for microgrid design.
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	Location
	Latitude (deg)
	Longitude (deg)
	Annual Water Speed (m/s)
	Water Depth (m)
	Annual Wind Speed (m/s)





	Terawhiti
	−41.279497° S
	174.524249° E
	1.09
	30
	7.10










 





Table 2. Wind turbine details [36,37].
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	Wind Turbine
	Value





	name
	Siemens SWT-3.6 MW-107 m [3.5 MW]



	abbreviation
	SWT-3.6–107



	rated capacity
	3600 kW



	manufacturer
	Siemens



	cut-in speed
	4 m/s



	cut-out speed
	25 m/s



	rotational speed
	5–13 rpm



	hub height
	87 m



	swept area
	8992 m2



	rotor diameter
	107 m










 





Table 3. Tidal turbine details.
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	Tidal Turbine
	Value





	name
	AR2000



	rated capacity
	2000 kW



	manufacturer
	SAE/GE



	cut-in tidal speed
	1 m/s



	cut-out tidal speed
	3.05 m/s



	operational tidal speed range
	1–4.5 m/s



	swept area
	314 m2



	rotor diameter
	20 m










 





Table 4. Properties of BASF NAS ® battery [18].
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	Sl.No
	Properties
	Ratings





	1
	nominal voltage
	12 V



	2
	round trip efficiency
	80%



	3
	lifetime throughput
	800 kWh



	4
	maximum charging current
	16.67 A



	5
	maximum discharge current
	24.33 A










 





Table 5. The annual mean output, hours of operation, and power production for the proposed scenarios at the Terawhiti site.
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	Parameter
	36 W
	113 T
	19 W + 38 T





	mean output of W (kW)
	36,408
	-
	19,215



	mean output of T (kW)
	-
	37,026
	12,451



	operation hours of W (hr/year)
	7467
	-
	7467



	operation hours of T (hr/year)
	-
	4,975
	4,975



	power production of W (kWh/year)
	318,931,085
	-
	168,324,739



	power production of T (kWh/year)
	-
	324,346,369
	109,072,230



	grid purchases (kWh/year)
	145,891,360
	159,607,904
	129,794,595



	total production (kWh/year)
	464,882,446
	483,954,273
	407,191,564










 





Table 6. Sensitivity analysis of inverter efficiency on decision-making.
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	Type
	Efficiency Variation
	Mean Output (kW)





	W
	
	29,068



	T
	−10%
	28,773



	W + T
	
	24,859



	W
	
	30,915



	T
	−5%
	30,386



	W + T
	
	26,379



	W
	
	32,738



	T
	0%
	32,173



	W + T
	
	27,983



	W
	
	34,523



	T
	5%
	33,888



	W + T
	
	29,503



	W
	
	36,284



	T
	10%
	35,371



	W + T
	
	31,066










 





Table 7. Financial analysis results for different scenarios.
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	Scenario
	Capital (M$)
	Operating Cost (M$)
	Total NPC (M$)
	Levelized Cost ($/kWh)





	36 W
	234
	12.8
	400
	0.07



	113 T
	360
	17.5
	586
	0.1



	19 W + 38 T
	241
	16.6
	456
	0.09










 





Table 8. Optimization results for 36 W.
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Architecture

	
Cost






	
W

	
B 1

	
Grid (kW)

	
In 2 (kW)

	
Dispatch

	
COE ($)

	
NPC (M$)

	
Op 3 (M$)

	
C 4 (M$)

	
RF (%)




	
36

	
0

	
999,999

	
114,577

	
LF

	
0.0713

	
399

	
12.8

	
234

	
66.2




	
36

	
2

	
999,999

	
115,832

	
LF

	
0.0716

	
400

	
12.8

	
234

	
66.3




	
0

	
0

	
999,999

	
0

	
LF

	
0.1

	
421

	
32.5

	
200

	
0




	
0

	
1

	
999,999

	
143

	
LF

	
0.1

	
421

	
32.5

	
352.15

	
0.000319








1 battery; 2 inverter; 3 operating cost; 4 capital.













 





Table 9. Optimization results for 113 T.
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Architecture

	
Cost






	
T

	
B

	
Grid (kW)

	
In (kW)

	
Dispatch

	
COE ($)

	
NPC (M$)

	
Op (M$)

	
Cap (M$)

	
RF (%)




	
113

	
0

	
999,999

	
130,888

	
LF

	
0.102

	
583

	
17.3

	
359

	
63.6




	
113

	
4

	
999,999

	
129,006

	
LF

	
0.103

	
586

	
17.5

	
360

	
63.9











 





Table 10. Optimization results for 19 W + 38 T.
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Architecture

	
Cost






	
W

	
B

	
Grid (kW)

	
T

	
In (kW)

	
Dispatch

	
COE ($)

	
NPC (M$)

	
Op (M$)

	
C (M$)

	
RF (%)




	
19

	
0

	
999,999

	
38

	
76,993

	
LF

	
0.0932

	
453

	
16.5

	
240

	
65.2




	
19

	
4

	
999,999

	
38

	
76,993

	
LF

	
0.0940

	
456

	
16.6

	
241

	
65.4




	
0

	
0

	
999,999

	
38

	
44,485

	
LF

	
0.111

	
475

	
27.4

	
121

	
28.8




	
0

	
4

	
999,999

	
38

	
45,055

	
LF

	
0.111

	
476

	
27.4

	
122

	
28.9











 





Table 11. Components of NPC for the scenario with the lowest NPC (36 W).
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	Name
	Capital (M$)
	Operating (M$)
	Replacement (M$)
	Salvage($)
	Total (M$)





	BASF NAS® Battery
	0.66
	0.17
	0.25
	−0.081
	1



	Grid
	0
	50.4
	0
	0
	50.4



	HOMER Load Following
	0.0002
	0.0000064
	0
	0
	0.000264



	Siemens SWT-3.6 MW-107 m
	216
	55.8
	68.9
	−38.8
	302



	system converter
	17.8
	23.1
	7.57
	−1.42
	47



	system
	234
	129
	76.7
	−40.3
	400










 





Table 12. Sensitivity analysis of capital and O and M costs on decision-making.
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	Type
	Cost Variation
	IRR(%) for Capital Cost
	IRR(%) for O&M





	W
	
	20.3
	18.1



	T
	−10%
	13.3
	11.5



	W + T
	
	13.2
	11.3



	W
	
	19
	17.9



	T
	−5%
	12.2
	11.4



	W + T
	
	12.1
	11.2



	W
	
	17.8
	17.8



	T
	0%
	11.3
	11.3



	W + T
	
	11.2
	11.1



	W
	
	16.7
	17.6



	T
	5%
	10.4
	11.2



	W + T
	
	10.2
	11



	W
	
	15.7
	17.5



	T
	10%
	9.5
	11.1



	W + T
	
	9.4
	10.9










 





Table 13. Mean output for different scenarios.
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	Parameter
	36 W
	113 T
	19 W + 38 T





	mean output of wind turbine (kW)
	36,408
	0
	19,215



	mean output of tidal turbines (kW)
	0
	37,026
	12,451



	mean output of inverter (kW)
	32,738
	32,272
	27,983



	total (kW)
	69,146
	69,298
	59,649










 





Table 14. Share of wind and tidal turbines in producing electricity and meeting demand.
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	Parameter
	36 W
	113 T
	19 W + 38 T





	wind turbine (% of production)
	68.6
	0
	41.3



	tidal turbine (% of production)
	0
	67.0
	26.8



	grid (% of purchases)
	31.4
	33.0
	31.9



	renewable output (% of production)
	68.6
	67.0
	68.1










 





Table 15. Financial analysis summary.
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	Parameter
	36 W
	113 T
	19 W + 38 T





	capital equipment(M$)
	234
	360
	241



	replacement (M$)
	76.6
	117.6
	78.2



	construction(k$)
	-
	-
	-



	end-of-project removal/reinstatement (k$)
	-
	-
	-



	operating cost (M$)
	12.8
	17.4
	16.5



	total NPC (M$)
	400
	585
	455



	COE ($)
	0.07
	0.10
	0.09
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