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Abstract

:

The paper presents the methodology that should be used to optimize hybrid power system configurations, i.e., the chosen microgrid scenario. The methodology was developed with the aim of evaluating the different production capacities of a system and comparing them with alternative connections to the main grid. It has a step-by-step structure and includes part of the steps performed by simulations in a computer program. It provides us with not only a basic but also a representative idea of an actual microgrid configuration, which is further used as support in the system’s design. An algorithm has been developed to check the energy flows and correct the selling price. The program HOMER Pro is used as the program support in performing the hybrid optimization simulation. In the analysis, it was found that the maximum share of generation from renewable energy sources in relation to the power grid is 143%, while the share of renewable energy sources in the generated energy is 65.3%. Greenhouse gas emissions are reduced by 40.75% compared to energy generated only from the power grid. In the optimization process, four configurations of the microgrid model with 990 solutions were taken, all of which are feasible.
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1. Introduction


The increasing demand for electricity has led to the development of new technologies, improvements of applications of existing technologies in the energy industry, and an increased use of renewable energy sources. All this has led to the concept of decentralized power generation and the creation of advanced grids and microgrids [1,2].



A microgrid can operate in the grid mode when it is connected to the power grid and draws voltage, power, and frequency references from it; it can also operate in island mode when it is independent of the power grid [3]. Advanced grids are very similar to microgrids with their decentralized control and management of distributed energy sources. All new technologies used in the modernization of power grids are called advanced grids. The main challenge with advanced grids is the lack of standards that would govern the integration and widespread use of advanced applications, smart meters, smart appliances, and renewable energy sources. A microgrid allows connections to the electric grid at a common connection point that maintains voltages at the same level as the main grid unless there is a grid problem or another reason for a shutdown. It generally operates as long as it is connected to the grid, but it can be shut down and operated independently using local power generation when needed [4]. Internal microgrid configurations allow versatility. They can provide power to a single user (household), can power all or part of an industrial complex, or provide power to a commercial consumer. Their advantage is that, for example, millions of people who do not have access to electricity for basic services can use microgrids for local use at a cost that is often much lower than grid access. The ability to develop microgrids provides an improved ability to deliver electricity services, often at a lower cost than developing centralized electric utilities.



Microgrid designers develop system architectures that seek improved scalability, flexibility, and security. The basic microgrid architecture includes generation, critical and non-critical electrical loads, centralized control, power interfaces, common connection points, and storage technologies. Digital systems manage interoperable distributed control functions and capabilities. The supporting architecture for microgrids ultimately aims to provide plug-and-play component functionality (devices that can be used without additional customization), two-way power transmission, and seamless connectivity with energy-efficient microgrids (EEM).



When microgrids are used for power generation, a solution to the above-mentioned problems must be found. A common solution approach is to combine different types of generation. In the search for greater scalability and improved sustainability, an increasing number of electric utilities are utilizing hybrid microgrid generation models [5]. An important feature of the microgrid is the use of a mix of energy resources to generate electricity. Many microgrids are configured as hybrid generation systems [6] that use multiple technologies to achieve their resilience goals.



The development of mathematical and laboratory simulation models [7,8] that can simulate and replicate the operation of today’s microgrid networks can contribute significantly to solving existing problems and challenges. To achieve this, computer tools are needed to simulate the interaction of power and communication networks.



The results of the conducted research [9] show that computer simulation tools can be used in evaluating simulations based on microgrid networks as well as the impact of communication networks on the same networks. In addition, such simulation models are used in many other scenarios, such as the following: demand response, outage recovery, distributed management of a microgrid network, etc. By combining a number of power system simulation tools, a suitable framework can be created for the detailed analysis of a range of microgrid networks. The presented research work [10] illustrates that an environment for analysis and valuable information collection regarding these systems can be achieved by combining the different simulation tools and realistic simulations of power infrastructure.



Due to the fact that the price of energy from the grid has increased in recent years (according to [11], the average price in the EU is 0.2525 EUR/kWh) and the price of energy from renewable sources (RES) is decreasing (due to accessibility and technological development), its price has fallen to 0.05 EUR/kWh [12]. For this reason, RES are increasingly used in grid-connected microgrids. The global weighted average cost of electricity (LCOE) of photovoltaic (PV) systems has decreased by 88% between 2010 and 2021, from 0.417 USD/kilowatt-hour (kWh) to 0.048 USD/kWh [12]. In 2021, the year-on-year decrease was 13%. The global capacity-weighted average total cost of projects commissioned in 2021 [12] was 857 USD/kW, 82% less than in 2010 and 6% less than in 2020. Therefore, when implementing this type of microgrid, there are a number of factors other than economics that lead to the adoption of RES. First and foremost, these are the positive impact on the environment by reducing greenhouse gas emissions, but also political and socio-economic reasons, etc. Utility companies that supply electricity attempt to regulate the impact of RES on the main grid through the purchase prices of that energy or the amount of energy purchased relative to the energy sold from the grid. Since renewable energy sources have not been considered as much in grid-connected microgrids due to their high price compared to energy from the grid, there are a whole set of problems in running simulations that need to be highlighted and solved. This is now the case when the energy obtained from photovoltaics is the cheapest form [5,13]. In this paper, the solution to the correction of the optimization algorithm is presented, which was made in the computer program HOMER Pro using the developed methodology. This is applicable for all cases where a purely economically optimal solution is needed and for all cases where the purchase of energy from renewable energy sources depends on the purchased energy. In the second case, it is meant that there is a correction coefficient for the ratio between purchased and sold energy from and to the main grid. In this paper, other aspects such as political, security, and socio-economic aspects were not considered, and the simulations were not considered in this sense. According to the IEA World Energy Outlook of 2020 [13], electricity generation from renewable energy sources such as solar PV is expected to increase by 43% and wind by 16% by 2040 compared to 2018.



The optimization methodology and correction algorithm are presented using the example of the Zagreb University of Applied Sciences (TVZ) building, Croatia, on a microgrid model featuring power generation with a hybrid system. An evaluation of the feasibility of grid-connected microgrid hybrid systems for reliable power supply is given. The work aims to evaluate the feasibility of the hybrid microgrid at the considered site by performing a techno-economic analysis of the selected hybrid system configurations. For this purpose, a methodology has been developed, whose individual steps are described. It is not only iterative and based on the search for the optimal solution for hybrid power systems but also includes control with the aim of obtaining an acceptable solution. The preliminary simulation in the computer program HOMER Pro does not provide the expected optimal results for microgrids managed by the energy management system (EMS) method of conditioning the purchase price in relation to the regulated energy flows in the network [14]. For such cases, an algorithm was developed within the methodology, which corrects the optimization according to the conditioning EMS method and brings the optimization result to the optimal feasible solution through an iteration process.



The Introduction is followed by Section 2, which presents existing research on microgrids and the optimization of hybrid power system configurations. Section 3 presents the development of the methodology and the algorithm by optimization, including all its steps as well as its graphical representation via a flowchart. In the next section, the application of the methodology to a selected power system example is presented, while Section 5 provides a discussion and review of the obtained results. Section 6 concludes with the conclusion of the presented research as well as possible directions for further research.




2. Literature Review


There is still no consensus on the agreed definition of microgrids. All existing definitions can generally be grouped into two categories [5]: energy microgrids and community microgrids. Energy microgrids can be defined according to the definition of the European Microgrids Project [15]. They are defined as “low-voltage distribution networks that include various distributed generators, storage devices, and controllable loads that can either be interconnected or operated in isolation from the main distribution network as a controlled unit”.



On the other hand, according to the author Gui [16], community microgrids are defined as follows: “A community microgrid that is connected to its community by physical placement and may be partially or wholly owned by the community”. Considering the social dimension, a community microgrid can be considered a microgrid with the main objectives of achieving economic, social, and environmental benefits in community power supply and distribution. This classification is important for the later definition of the sustainability of microgrids [5]. The research conducted in the existing literature mainly focuses on identifying the problems of the sustainability and optimality of microgrid operation and provides practical recommendations with the aim of optimizing microgrids [17]. Practical case studies are presented to support the given recommendations [5]. The problems in microgrid operation and optimization can be divided into 4 areas: energy, information, finances, and social aspects [5]. In this paper, the energy domain is addressed with the issue of the proper sizing of electrical infrastructure, and the finance domain is addressed with the issue of the proper economic design of the microgrid by optimizing the microgrid using the EMS method of conditioning energy flows [14].



The existing literature [18,19,20] also includes numerous research papers on the analysis of different hybrid renewable energy systems (HRES) intended for rural or island electrification, such as economic analysis, technical feasibility, and environmental, political, and social considerations. The computer program for analyzing different combinations of HRES, i.e., the hybrid optimization of multiple energy sources (HOMER Pro) [21,22], is widely used.



Various methods have been used to optimize a microgrid, including genetic algorithms and swarm optimization techniques [23]. Numerous software programs have also been widely used in such studies (Table 1). These methods, used for the optimal size of RES, consider either the economic criteria or the power reliability criteria as performance indicators for the size of the renewable energy system. The computer program HOMER Pro, the micro energy system optimization tool, allows the design of off-grid and grid-connected systems. It can also be used to perform analyses to examine a wide range of design issues, such as the cost-effectiveness of various technologies and the overall architecture and size of components, including renewable energy components. It can simulate a large number of technologies and the variation in technology costs and energy resource availability. It also performs sensitivity analyses to determine the economics of the energy network as component costs or loads change. The optimal solution for the desired model configuration proposed by HOMER Pro satisfies all user-defined constraints and sizes the HRES for the lowest value of net present cost (NPC) [24].



The following are some papers that show the application of the HOMER Pro tool. In [25], the authors studied the cost and technical benefits of several alternatives for a hybrid rural electrification system for a remote community in southern India. Seven different combinations of solar photovoltaic systems (SPVS), wind turbines, diesel generators, battery storage systems (BESS), and hydropower were simulated. A similar study is presented in [26], where the authors used HOMER Pro to explore seven different scenarios for integrated renewable energy systems for a village in Thumkunta, India.



The research hypothesis of this paper is that hybrid microgrid systems based on renewable energy sources can reduce electricity costs in urban areas and ensure energy access in remote and geographically isolated areas. On this basis, the contribution of this paper has been developed, presenting the methodology in all its steps with the aim of obtaining an optimal microgrid model based on the desired power consumption. The contribution of this work lies in the development of an algorithm within the methodology that performs optimization corrections according to the EMS conditioning method and, through an iteration process, brings the optimization result to the optimal feasible solution. Such a solution is consistent with the conditional management of the energy flows in the microgrid, i.e., the proposed methodology provides an optimal result where the energy flows into and out of the grid are balanced. The methodology is iterative in nature, and it is necessary to evaluate several possible solutions in order to find the optimal one regarding the consumption of electricity. Moreover, during some steps of the methodology, considering the control of energy flows and specific changes in the coefficient of energy purchase is necessary.




3. Description of Methodology for the Configuration Optimization of Hybrid Electrical Power Systems


This section presents the methodology for determining the optimal configuration of a hybrid energy system. The purpose of the methodology is that different production capacities are evaluated and compared with the alternative of connection to the main grid. The methodology includes part of the steps performed in the simulation. It provides us with not only a basic but also a representative idea regarding the configuration of the microgrid itself, which is used as a support in the planning process. The methodology includes in one of its steps an algorithm that performs an optimization correction according to the method of EMS for conditioning energy flows. This is done through an iteration process, and the optimization result is brought to the optimal feasible solution. This is also the contribution of this work because similar methods published so far in the scientific literature perform the optimization process without considering the EMS method of the microgrid.



The program HOMER Pro (Hybrid Optimization of Multiple Energy Resources) was chosen to perform the simulation and provide program support for hybrid optimization in multiple energy resources. This tool is used for the design, modelling, and optimization of autonomous and grid-connected energy systems. In practice, it is a recognized tool for the techno-economic analysis of microgrids, as it offers the possibility of simulating a number of different conventional technologies and renewable energy source technologies. It can also provide an assessment regarding their technical and economic feasibility.



The following is a description of the methodology with an illustration of all its steps. Figure 1 graphically depicts the methodology using a flowchart. The steps are as follows:




	
The needs assessment involves defining the system’s specifications (e.g., type of renewable energy source and technical constraints), which must be clearly defined along with the economic aspects of the system (i.e., cost model, system lifetime, and interest rate). In addition, component modelling, including technical specifications (e.g., type of photovoltaic modules, battery type, etc.), is considered when calculating their economic specifications (e.g., acquisition and replacement costs). Then, the system’s design is approached by considering different system configurations.



	
Determination of input parameters: For the considered building, based on its location (site), i.e., latitude and longitude, the input parameters are determined: meteorological data and average daily solar radiation at the site (kWh/m2), wind speed (m/s), and average daily air temperature (°C). In addition, data on the required electricity consumption in kWh for the considered building are collected for all months of the observed year. Based on the collected input parameters, the load profiles by location and the load profiles by month are calculated. In addition, the model components with their characteristics and prices, the weather data of the locations, and the fossil fuel prices and interest rates are collected.



	
Design of microgrid and configuration of components: It is necessary to select the scenario of the microgrid solution, i.e., to show its configuration with all components. For the predicted solutions, another simulation is performed; i.e., optimization is performed.



	
Simulation and optimization of the selected scenario for a microgrid solution: The price of electricity generation in the microgrid is determined in relation to the investment costs (planning, design, and construction costs) and the operation and maintenance (O&M) costs of the microgrid (replacement of system components, fuel, and purchase of electricity from the system).













	(a)

	
Optimization in the program’s interface, HOMER Pro, is performed in terms of the net present cost or life-cycle cost (NPC), which includes the following:



	
All costs of the system during its lifetime minus all revenues;



	
The cost value is reduced to the present value by discounting;



	
Costs included the following: capital costs, replacement of system components, operation and maintenance costs, fuel, and the purchase of electricity from the grid;



	
Revenues included the following: the sale of electricity to the grid and the value of the equipment at the end of the project (salvage).












The net present value of the cost (CNPC) is calculated according to the expression:


   C  N P C   =    C  a n n , t o t     C R F  (  i ,  R  p r o j    )       [ € ]  ,  



(1)




where



Cann,tot—total annual cost  ( EUR);



i—discount rate (%);



Rproj—lifetime of the system (year);



CRF()—the function to calculate the coefficient of return on investment (ROI) is a ratio used to calculate the present value of an annuity (a series of equal annual cash flows).



The equation for the coefficient of return on investment is as follows:


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



(2)




where



i—discount rate (%);



N—number of years (year).



A real discount rate is used to convert one-time costs to annual costs. The computer program HOMER Pro calculates the annual real discount rate (interest rate) from the input data of the nominal discount rate and expected inflation rate. The HOMER Pro tool uses a real discount rate to calculate discount coefficients and annual costs from net present costs. The following equation is used to calculate the real discount rate:


  i =    i ′  − f   1 + f   ,  



(3)




where



i—real discount rate (%);



i′—nominal discount rate (%);



f—expected inflation rate (%).



A discounted cash flow is the nominal cash flow discounted to year zero. The computer program HOMER Pro calculates the discounted cash flow by multiplying the nominal cash flow by the discount factor.



The discount factor is a ratio used to calculate the present value of a cash flow that occurs in any year of the project’s lifetime. HOMER Pro calculates the discount factor using the following equation [18]:


   f d  =  1     (  1 + i  )   N    ,  



(4)




where



 i —real discount rate (%);



N—number of years (year).



	(b)

	
When selecting the cheapest model, the average price of the generated energy per kWh is calculated (levelized cost of energy—LCOE or COE) according to the following expression:


  C O E =    C  a n n , t o t   −  c  t o p    H  s e r v e d      E  s e r v e d        [  € / kWh  ]  ,  



(5)




where







Cann,tot—total annual cost of the system  ( EUR/year);



ctop—the price of thermal energy   ( EUR  /kWh);



Hserved—total thermal energy generated (kWh/year);



Eserved—total energy generated (kWh/year).



The second term in the meter is the portion of the annual cost that results from serving the heat load. For systems that do not generate thermal energy, i.e., do not serve the thermal load (Hserved = 0), this part of the expression is zero. The COE is a practical metric for comparing systems after optimization.



	(c)

	
The initial investment cost is the total cost of each component required to install and commission the system’s components.




	(d)

	
The value of the system at the end of the project life is the value of the system remaining after depreciation at the end of the project life. The computer program HOMER Pro assumes a linear depreciation of components, which means that the return value of the component is directly proportional to its remaining useful life.







The return value of the component is calculated using the following equation:


  S =  C  r e p      R  r e m      R  c o m p     ,  



(6)




where Rrem is the remaining life of the component at the end of the life of the project and is indicated by


   R  r e m   =  R  c o m p   −  (   R  p r o j   −  R  r e p    )  ,  



(7)




while Rrep is the time for the replacement cost of the components, and it is provided as


   R  r e p   =  R  c o m p   I N T  (     R  p r o j      R  c o m p      )  ,  



(8)




where



Crep—component replacement cost (  EUR  ),



Rcomp—lifetime of the component (year);



Rproj—lifetime of the project (year);



INT()—a function that returns the integer amount of a real number.



The correction factor for the supplied energy shall be calculated according to the formulas specified in part VIII of the Act on Renewable Energy Sources and High-Efficiency Cogeneration of the Republic of Croatia.



The purchase of electricity from final customers with their own production or users of self-supply facilities is described in Article 51, paragraph (5); the purchase price of RES is defined as follows.



Article 51, paragraph (5) of this Act states that “For the electricity taken over by the electricity supplier from paragraph 1 of this Article, the value of the electricity taken over by the final customer with own production Ci in the settlement period shall be determined as follows:


1. Ci = 0.9·PKCi, if for the billing period i: Epi > = Eii,



(9)






2. Ci = 0.9·PKCi·Epi/Eii, if for the billing period i: Epi < Eii,



(10)




where



	-

	
Epi—total electric energy taken from the grid by the customer in the billing period, expressed in kWh;




	-

	
Eii—total electric energy supplied to the grid by the customer’s own generation unit during the billing period, expressed in kWh;




	-

	
PKCi—the average unit price of electricity paid by the customer to the supplier for the electricity sold, excluding grid usage charges and other fees and taxes, within the billing period, expressed in HRK/kWh. As long as the energy taken from the grid is greater than the energy delivered to the grid, the correction factor for the price of delivered energy is 0.9. When the share of energy delivered to the grid becomes greater than that taken, the correction factor decreases, increasing the return on investment and the profitability of the given model in the simulation.







The computer program HOMER Pro cannot consider the change in the energy price coefficient, so it is necessary to consider the obtained results from this point of view and correct the input parameters of the simulation. For this purpose, a flowchart of the algorithm for checking the obtained results from the point of view of the supplied and received energy was created. It shows that the input parameters are corrected when an incorrect result is found. Moreover, with each new iteration step, it leads to the optimal solution according to NPC, considering the price of the delivered energy and the power of the PV field.



Looking at the cash flow, the largest investment in infrastructure is at the beginning, while at the end of the project, the rest of the value of the assets is added.



If the energy needs are met, the techno-economic requirements are evaluated (step 5); otherwise, it is necessary to reconfigure the components of the microgrid and repeat the simulation (the process is iterative in nature). The computer program HOMER Pro is used to perform the simulation.



	5.

	
Evaluation of technical-economic requirements: An economic sensitivity analysis is performed for the preferred system to determine its performance under the impact of selected economic variables. In addition, the impact of various economic variables on the cost of the project is determined. Input variables used in the sensitivity analysis include the following: electricity prices, interest rates, and inflation rates.




	6.

	
Presentation of the optimized microgrid model: At the end, after the simulation and evaluation, an optimized model of the microgrid system is presented. For this purpose, the results of the microgrid configuration, economic indicators, and greenhouse gas emission values are read. The system’s configuration provides information about which energy sources contribute the most to the optimization results. Optimization is performed according to NPC, but important indicators also include COE and investment payback time. The environmental impact of the system is monitored by assessing the carbon dioxide (CO2), sulphur dioxide (SO2), and nitrogen oxide (NOx) levels.








4. Valorization of the Methodology with Results—Case Study


In this section, the application of the methodology with the aim of obtaining an optimal microgrid power system for the building of Zagreb University of Applied Sciences (TVZ) is demonstrated, and impacts are assessed with a case study. The preliminary optimization does not lead to the expected results, which are consistent with the method of EMS for conditioning the energy flows. Therefore, a correction of the optimization process of the standard microgrid is required. For this purpose, a correction algorithm has been developed, and the proposed methodology and algorithm are validated using the repeated iterative process to determine the optimal result.



Choosing the optimal size of distributed energy sources and optimizing their operation are very important to justify the investment costs and to achieve the best possible system efficiency. Thus, to choose the optimal power and capacity of energy storage, the microgrid represents a solution where at least 50% of the electricity consumption is generated from renewable energy sources, contributing to the increase in energy security, climate change mitigation, and future economic savings. The purpose was to determine what configuration of the microgrid would be required to generate 50% of the energy from renewable sources and to perform a preliminary techno-economic analysis. In the paper itself, it can be seen that the NPC and COE for the simulation with a 50% share of RES are higher than the simulation of the optimal solution.



The application of the methodology was performed according to the steps explained in the previous section, using the computer program HOMER Pro.



	1.

	
Determination of demands: the following system specifications were defined by applying the indicated computer program:




	-

	
Electricity generator: photovoltaic system and wind turbines;




	-

	
Grid feeding: surpluses are sold to the grid, and deficits are taken from the grid;




	-

	
Storage: no/yes;




	-

	
CO2 emission reduction calculation;




	-

	
Minimum share of renewable energy sources: 50%.







To perform the simulation, the microgrid was designed with the following initial conditions. Generic values for PV systems (an efficiency of 0.8, a capital cost of 900 EUR/kW, operation and maintenance costs of 30 EUR/kW per year, and a lifetime of 30 years), wind turbines (a generic 3 kW, a capital cost of 18.000 EUR/kW, and operation and maintenance costs of 180 EUR/kW), converters (an efficiency of 0.9, a capital of 300 EUR/kW or 13,000 EUR/100 kW, and a lifetime of 15 years), and the grid (a grid electricity price of 0.111 EUR/kWh and a grid feedback price 0.1 EUR/kWh for Croatia) were assumed.



	2.

	
Definition of input parameters—the following parameters are defined in order.




	(a)

	
Location and meteorological data:







The location of the observed building of the Zagreb University of Applied Sciences in Zagreb at the address Konavoska 2 is located at a latitude of 45.799 and a longitude of 15.928 (Figure 2).



Given that a photovoltaic system and wind turbines are used for the generators, the meteorological data that are important for the implementation of the project include the mean daily solar irradiation at the site (kWh/m2) and wind speed (m/s).



The data for the mean daily irradiance and data for the wind speed at the site were taken from the statistical computer program HOMER Pro and can be seen in the following figures (Figure 3, Figure 4 and Figure 5).



	(b)

	
Requirements for electrical energy consumption at the observed location:







Data on electricity consumption for the year prior to 2021 were collected and are presented in Table 2.



According to the required electricity consumption, the electricity load profile (daily, monthly, and annual) for the selected location was created, which is shown in Figure 6.



A more detailed monthly load profile for 2021 at the observed location is shown in Figure 7.



Based on the obtained data, the following were calculated:




	-

	
The total annual consumption of electrical energy Wuk, which is obtained by adding up the consumption for each month of the year.











Wuk = 292,837 kWh



(11)







	-

	
Average daily electrical energy consumption Wd, which is obtained by dividing the total annual consumption by 365 days per year.








Wd = Wuk/365 = 292,837/365 = 802.3 kWh/day



(12)





	3.

	
Design of the microgrid and configuration of components: a microgrid connected to the power grid was chosen as the observed scenario, consisting of a grid, wind turbines, and a photovoltaic system. In total, 990 solutions were simulated, of which all 990 solutions were feasible.







Overall, 990 simulations were performed with the following values: PV, 0–250 kW (value determined by the correction algorithm in the range of 1–739 kW, Figure 8); G3, 0–1000 kW; converter, 30.3–546 kW. Of these, 224 solutions did not meet the criteria of EMS using the energy flow conditioning method, while 766 solutions were feasible and met the energy flow criteria in the microgrid.



	4.

	
Simulation and optimization of the selected microgrid solution scenario: A simple optimization procedure was conducted.







According to the available meteorological data for the location, it is evident that the sun, as a renewable energy source, has a much greater potential than the wind itself. Therefore, when designing the system, a large number of photovoltaic modules were used, and only one wind turbine was used in accordance with the given parameters of the system. According to the initial requirements, photovoltaic modules should make up a minimum of 50% of the energy source. The inverter losses amount to ηAC/DC = 0.9.


50% of Wd is 0.5 · Wd = 0.5 · 802.3 kWh = 401.15 kWh



(13)







The photovoltaic modules should ensure a minimum daily consumption of 401.15 kWh. If we also consider the losses of the inverter itself, which are 0.9, we conclude that the photovoltaic modules should produce at least 397.2 kWh of energy per day.


Wukd = Wd/ηAC/DC = 401.15/0.9 = 445.72 kWh



(14)







In the design of photovoltaic systems that are not connected to the power grid, the month of the year with the lowest average daily irradiance is usually considered, and the number of modules to be installed at the site is determined based on the technical data of the available module. Since it is a plant connected to the grid, the average daily solar irradiance for the year is considered, with the average number of peak sun hours being psh = 3.52 kW/m2.



If the value of psh = 3.52 kW/m2 and the loss on the module itself is 0.8, it is assumed that the average required power of photovoltaic modules is as follows.


P = 445.72/3.52·0.8 = 158.28 kWp



(15)







In this case, the number of photovoltaic modules required for performance is as follows.


N = 158.28/0.330 = 479.63 → N = 480 modules



(16)







A preliminary optimization with the computer program HOMER Pro shows that a high initial investment of EUR 733,575.00 is required, which is amortized in 13 years, with a difference in the total net price of EUR 26,816 compared to the basic solution with only the grid (Table 3). The average energy price per kWh of EUR 0.03 is much cheaper than the basic solution. To implement such a solution, 739 kW of solar modules and 532 kW inverter must be installed (Table 4).



The obtained results of the preliminary optimization did not provide the expected results consistent with the method EMS for conditioning the energy flows. Therefore, a correction of the optimization methodology of the given microgrid was needed, and for these needs, a correction algorithm and a proposed methodology were developed. The input data for the computer program HOMER must additionally be adjusted to support optimization for markets that have a limit on sales to the grid as a function of power flows. This was done to account for the power flow relationships in the input parameters within the optimization methodology and to adapt the optimization results to such markets. The scientific contribution of this work is to develop such a correction algorithm and methodology for the needs of optimization in such markets. The results of the corrections of the whole NPC for the preliminary simulation using the developed methodology and algorithm can be seen in Table 5.



From the obtained results, it can be concluded that the optimization results, regardless of how good the program support is, should always be taken with caution and understanding. Precisely because of the peculiarities of each energy system in which the microgrid participates, it is necessary to control the energy flows so that an optimal solution is achieved regardless of the peculiarities of the system itself [15].



In order to obtain correct optimization results, it is necessary to implement additional mechanisms that verify and correct the previously obtained results. First, the energy flows must be verified, and, based on these energy flows, the actual energy purchase price must be calculated according to Ci = 0.9 − PKCi − Epi/Eii. When the actual energy purchase price has been determined according to the correction coefficient, we restart the simulation with new input parameters and calculate a new actual NPC′. If the new NPC′ is <NPC, then we conclude that the results of this simulation represent the optimal solution. Otherwise, we decrease the boundaries of the observed space PVmax = PV − 1 (initially, PVmax = 2000 kW and PVmin = 0 kW) and repeat the simulation with new input parameters PVmax. The procedure is repeated until Eii > Epi or until we obtain the minimum NPC′, as shown in Figure 8.



The whole procedure is carried out in the 4th step (Figure 1) of the method to optimize the configuration of the hybrid power system until optimal simulation results are obtained. The flowchart of the algorithm is shown in Figure 8.



The optimization showed (Table 6) that the most favorable solution with a total net price (net present value or life cycle cost—NPC) of EUR 368,542.00.



The average energy cost per kWh (levelized cost of energy—LCOE or COE) is 0.067 EUR/kWh, and the operation and maintenance (O&M) cost of such a microgrid is 9312 EUR/year. While there is a pure grid solution NPC EUR 386,665.00, COE 0.111 EUR/kWh, and O&M 29,910 EUR/year, an initial investment of EUR 248,161.00 is required.



	5.

	
Evaluation of techno-economic requirements—on the basis of this, it was found that the investment return time is 12 years (Figure 9).







The total energy withdrawn from the grid in a year is 159,658 kWh, while the energy fed into the grid is 158,322 kWh (Table 7).



Figure 10 shows the energy purchased from the grid (a) and the energy sold to the grid (b).



The calculation shows that the share of renewable energy sources from photovoltaic panels is 65.3% (Table 8).



Figure 11 shows the monthly distribution of energy purchased and sold to the grid.



Via a sensitivity analysis, 42,280 solutions were simulated, all of which are feasible only with different NPCs. The sensitivity analysis in relation to the price of energy delivery to the network (Figure 12) showed that the share of renewable energy sources increases only above the price of EUR 0.05/kWh and that the share of renewable energy sources in the network is over 50% at a price of EUR 0.096/kWh.



Sensitivity analysis according to the purchase price is shown in Table 9.



Looking at the money flow, the largest investment in infrastructure is at the beginning, while at the end of the project, the rest of the equipment’s value is added up (Figure 13).



Salvage value occurs as a positive cash flow at the end of the project lifetime for any component that has some remaining life at that point.



Net present value (NPV) includes the residual value of the equipment at the end of the project life, which is added to the total revenue in NPV. The discounted value after 25 years of project life is EUR 8983.00 for the photovoltaic system and EUR 1749.00 for the converter, resulting in a total discounted value of the equipment of EUR 10,732.00 (Table 10). For optimization purposes, a nominal discount rate of 8% and an inflation rate of 2% were assumed, resulting in a real discount rate of 5.88%. The sensitivity analysis showed that the discount rate does not affect the choice of the optimal solution, although it increases the NPC and therefore was not considered in detail in the analysis of the optimal model.



The optimal solution has lower greenhouse gas emissions. The emissions of carbon dioxide (CO2), sulphur dioxide (SO2), and nitrogen oxides (NOx) decreased by 40.7%. This is a significant reduction in greenhouse gas emissions. Table 11 shows a comparison between the optimal and the original baseline system in terms of greenhouse gas emissions.



Figure 14 shows the sensitivity analysis related to the price of energy from the grid. It can be seen that as the price of energy from the grid increases, the share of renewables increases with an increase in the price of energy from the grid, rising to 83.7% (ranging from 50–84%, depending on the purchase price correction coefficient).




5. Discussion on Obtained Results


In this paper, the microgrid optimization scenario is analyzed on a selected example of the Zagreb University of Applied Sciences building in Zagreb, Croatia (TVZ). In the scenario, the microgrid of the system was connected to the power grid, and in the first step, an optimal solution was sought for 50% of the generated energy to come from renewable energy sources. Then, the most optimal solution was found via the optimizations. The optimal configuration of the hybrid microgrid system in parallel operation with the power grid (TVZ building scenario) consists of 250 kW photovoltaic panels, the power grid, and 179 kW inverter. From Table 12, we can conclude the following.



As shown in previous work in the microgrid model associated with EEM, the impact of wind turbines and batteries in the microgrid on NPC and COE is significant [29]. In this work, it is shown that the microgrid is more optimal without these components. All simulations that included elements of wind turbines and batteries gave worse results according to the NPC and COE. Therefore, the optimization in this paper for the approximate configuration gives a 33% better COE compared to previous work. With a lower energy price from the grid 15] and a similar share of PV (62%) due to its share in the cost of wind turbines, the optimization leads to worse results in the COE/energy price relationship than in this work. When the energy price is very low, as in [29], the cost-effectiveness of implementing a hybrid microgrid is questioned. Then, the share of PV systems in production is only 20% (according to Figure 14), and the price of the energy obtained from such a microgrid is even more expensive than the energy from the grid. In [30], the relationship between the sell-back price and COE is considered, where COE decreases as the sell-back price of energy increases, but the total energy sold to the grid is twice the energy purchased from the grid, and the purchase price is always the same, which is not applicable in the case of a legal price correction when the energy sold to the grid is higher than the purchased energy. No other paper considers the change in the purchase price of energy relative to the energy sold/purchased, so this paper provides an analysis of the simulation in such a case and a solution for such situations using the presented correction algorithm.



The preliminary simulation showed that the optimization results did not consider the energy flows and the associated changes in the selling price and, therefore, could not be assumed as optimal results. Therefore, as part of the methodology, a special algorithm was developed to verify the accuracy of the obtained results based on the relationship between energy flows and sales prices. In the case when more energy was sold to the grid, it was found that the computer program HOMER Pro gives incorrect optimization results because, in such a case, it does not consider the sales price correction coefficient. Therefore, the energy flows are checked by the algorithm, and the selling price is corrected, which restarts the simulation. Moreover, the results of the repeated NPC and the original simulation are compared, and in case of a non-optimal solution, the PV input limits are reduced; thus, the whole process is brought to the optimal solution by the iteration process.



In the most optimal solution, the share of renewable energy sources in the total energy production is 65.30%. The most optimal model is the grid connected to the power grid with energy generation from solar panels with an NPC of EUR 368,542.00. The average energy price per kWh is 0.067 EUR/kWh compared to the grid price of 0.111, while the operation and maintenance costs of such a microgrid are 9312 EUR/year compared to the price of EUR 29,910.00 for the basic model. An initial investment of EUR 248,161.00 is required, and the payback period is 12.09 years. Greenhouse gas emissions decreased by 40.75% compared to the base model. A total of four microgrid models were analyzed with 990 solutions, all of which are feasible. In the sensitivity analysis, 42,280 simulations of the solution were performed, which showed that due to the correction coefficient in the purchase of electricity from renewable energy sources, the most optimal solution results from the area where the energy purchased from the grid is equal to the energy sold to the grid. This shows that the search for an optimal solution depends not so much on the price of electricity itself but mainly on the profile of the consumer.




6. Conclusion and Some Possible Directions for Future Research


This paper presents a methodology aimed at optimizing the feasibility of hybrid microgrids via the scenario of microgrids in parallel operation with power grids. The contribution of this work is to develop a methodology that includes an algorithm that corrects the optimization according to the EMS conditioning method and, through an iteration process, brings the optimization result to the optimal feasible solution. This represents a difference from the methods previously published in the literature, which perform optimization without considering the EMS method of the microgrid. The methodology is iterative, and it is necessary to evaluate several possible solutions to find the optimal solution in terms of power consumption. In addition, some steps of the methodology must consider the control of energy flows and specific changes in the coefficient of energy reference.



The optimization methodology and correction algorithm are presented using the case study of the Zagreb University of Applied Sciences building in Zagreb, Croatia (TVZ), on a microgrid model and power generation with a hybrid system. An evaluation of the feasibility of grid-connected microgrid hybrid systems for reliable power supply is given. The work aims to evaluate the feasibility of the hybrid microgrid at the considered site by performing a techno-economic analysis of the selected hybrid system configurations.



The chosen site is characterized by a large amount of available solar energy and a small amount of wind energy. The obtained optimization results illustrate the feasibility of hybrid microgrids in urban and rural areas with a return on investment of 12.09 years and an average energy price per kWh lower than primary systems without renewable energy sources.



A preliminary simulation has proved that the use of the HOMER Pro program tool alone is not sufficient to meet the needs of optimization in a special case, as in this example. An algorithm was created to verify the accuracy of the optimization based on energy flows, sales prices, and present PV power limits. The methodology and algorithm were evaluated using a case study where, starting from an initial PV power of 739 kW, an optimal solution with a PV power of 250 kW was obtained through an iteration process.



The optimizations have shown that there is an entire range of possible solutions (990) for the performance of hybrid microgrids depending on the available sources and consumption profile. Such microgrids are reliable systems for power supply in urban and rural areas. The analysis of the scenarios and individual models shows that the microgrid effectively uses the solar energy sources at the site and is able to meet energy demands for the daily needs of the observed TVZ building.



The optimal configuration in the scenario uses solar radiation energy and provides more economically and environmentally favorable results than the primary system without renewable energy sources.



For the selected example and scenario of the TVZ building (microgrid in parallel operation), the following data were obtained:




	
The optimal configuration of the hybrid microgrid in parallel operation with the power grid consists of 250 kW photovoltaic panels, a power grid, and 179 kW inverter.



	
In the optimization process, four configurations of the microgrid model were taken with 990 solutions, all of which are feasible. For the sensitivity analysis, 42,280 solution simulations were performed. The following results were obtained: NPC EUR 368,542.00 and COE EUR 0.067/kWh, while the payback period of the investment is 12.09 years.



	
The maximum percentage of generation from renewable energy sources in relation to the power grid is 143%, while the percentage of renewable energy sources in the generated energy is 65.3%.



	
A total of 459,763 kWh/year was generated.



	
The optimal solution has lower greenhouse gas emissions. Emissions of carbon dioxide (CO2), sulphur dioxide (SO2), and nitrogen oxides (NOx) decreased by 40.7%.



	
Models with a wind turbine are economically less favorable than the baseline solution due to insufficient wind at the site and were not considered in the sensitivity analyses.



	
For optimization purposes, a nominal discount rate of 8% and an inflation rate of 2% were assumed (as input parameters), resulting in a real discount rate of 5.88%. The sensitivity analysis showed that the discount rate does not affect the choice of the optimal solution, although it increases the NPC and therefore was not considered in detail in the analysis of the optimal model.



	
The optimization solution is completely incorrect for the specific case of regulated energy purchases because the computer program itself cannot consider the change in the correction coefficient for energy purchases. If the proposed architecture is used in real settings, considering changes in the purchase price coefficient, completely different results are obtained. This shows that optimization results, no matter how good the program support is, should always be taken with caution and understanding. Precisely because of the peculiarities of each energy system in which the microgrid participates, controlling energy flows in order to achieve an optimal solution is necessary regardless of the peculiarities of the system itself. The search for an optimal solution also considers the control of energy flows (using a local controller) and specific changes in the coefficient of energy purchases. The development of the control algorithm is not the subject of this paper, so it is not presented here.








One of the possible directions of future research would be to extend the methodology with the aim of being able to possibly evaluate several similar scenarios simultaneously and possibly use one of the other optimization algorithms (e.g., the genetic algorithm).
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Nomenclature




	
Latin variables




	
Cann,tot

	
total annual cost (EUR)




	
Cann,tot

	
total annual cost of the system during a year  ( EUR/year)




	
CNPC

	
the net present value of the cost (EUR)




	
Crep

	
component replacement cost (EUR)




	
Ctop

	
the price of thermal energy (EUR/kWh)




	
COE

	
levelized cost of energy (EUR/kWh)




	
CRF

	
the coefficient of return on investment




	
CRF()

	
function to calculate the coefficient of return on investment (CRF)




	
Eii

	
total electric energy supplied to the grid by the customer’s own generation unit during the billing period (kWh)




	
Epi

	
total electric energy taken from the grid by the customer in the billing period (kWh)




	
Eserved

	
total energy generated (kWh/year)




	
f

	
expected inflation rate (%)




	
fd

	
discount factor (%)




	
Hserved

	
total thermal energy generated (kWh/year)




	
i

	
discount rate (%)




	
i

	
real discount rate (%)




	
i′

	
nominal discount rate (%)




	
INT()

	
a function that returns the integer amount of a real number




	
N

	
number of years (year)




	
N

	
the number of photovoltaic modules required for performance (-)




	
P

	
average required power of photovoltaic modules




	
PKCi

	
the average unit price of electricity paid by the customer to the supplier for the electricity sold, excluding grid usage charges and other fees and taxes, within the billing period (HRK/kWh)




	
psh

	
average number of peak sun hours (kW/m2)




	
Rcomp

	
lifetime of the component (year)




	
Rproj

	
lifetime of the project (year)




	
Rproj

	
lifetime of the system (year)




	
S

	
the return value of the component




	
Wd

	
average daily electrical energy consumption (kWh/day)




	
Wuk

	
the total annual consumption of electrical energy (kWh)




	
Greek variables




	
ηAC/DC

	
inverter losses (-)
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Figure 1. Graphic representation of methodology with flow diagram. 
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Figure 2. Selection of location and meteorological data for the observed building. 
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Figure 3. Monthly Average Solar Global Horizontal Irradiance (GHI) Data. 
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Figure 4. Monthly Average Wind Speed Data. 
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Figure 5. Monthly Average Temperature Data for selected location. 
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Figure 6. (a) Daily, (b) monthly, and (c) annual electrical energy load profile for the selected location. 
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Figure 7. More detailed monthly electricity load profile for selected site for 2021. 






Figure 7. More detailed monthly electricity load profile for selected site for 2021.



[image: Energies 16 02158 g007]







[image: Energies 16 02158 g008 550] 





Figure 8. Flow diagram of the simulation correction algorithm. 
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Figure 9. Selection of optimal microgrid model after evaluation. 
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Figure 10. (a) Energy purchased from grid and (b) energy sold to grid. 






Figure 10. (a) Energy purchased from grid and (b) energy sold to grid.



[image: Energies 16 02158 g010]







[image: Energies 16 02158 g011 550] 





Figure 11. Monthly distribution of taken and delivered energy according to network. 
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Figure 12. Sensitivity analysis in relation to price of energy delivery to grid. 
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Figure 13. Cash flow over 25 years. 
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Figure 14. Sensitivity analysis in relation to price of energy from the grid. 
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Table 1. Presentation of optimization computer tools for microgrids.






Table 1. Presentation of optimization computer tools for microgrids.





	Tool
	Description
	Download Link (Accessed on 31 January 2023)





	HOMER (Hybrid Optimization Model for Electric Renewables)
	Techno-economic optimization for off-grid and grid-connected systems, optimizing microgrid design in all sectors; exhaustive search, proprietary optimization algorithms and sensitivity analysis.
	Web free version: https://www.homerenergy.com/products/quickstart/index.html Commercial: https://www.homerenergy.com/



	RETScreen (Renewable Energy and Energy Efficiency Technology Screen)
	Renewable analysis, planning, implementation and monitoring for electricity/heat in any size system. Clean energy project analysis, modelling, and simulation software.
	Free to download: https://www.nrcan.gc.ca/maps-tools-and-publications/tools/modelling-tools/retscreen/7465



	energyPRO
	Tool for modelling and analyzing complex energy projects with a combined supply of electricity and thermal energy.
	Commercial: https://www.emd-international.com/energypro/download/



	EnergyPLAN
	Energy system analysis tool created for the study and research in the design of future sustainable energy solutions with high shares of renewable energy sources.
	Free to download: https://www.energyplan.eu/download/



	DER-CAM (Distributed Energy Resources Customer Adoption Model)
	Decision support tool for decentralized energy systems. Mixed integer linear programming.
	Free to download: https://gridintegration.lbl.gov/der-cam



	MDT (Microgrid Design Tool)
	Decision support software tool for microgrid designers. Mixed integer linear programming and genetic algorithms.
	Free to download: https://www.energy.gov/oe/microgrid-portfolio-activities



	REopt Tool (Renewable Energy Optimization Tool)
	Techno-economic decision support model used to optimize energy systems for buildings, campuses, communities, and microgrids. Mixed integer linear programming.
	Web free version: https://reopt.nrel.gov/tool
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Table 2. Presentation of electrical energy consumption by month in 2021.
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	Month
	Month
	Electricity Consumption Energy (kWh)





	1
	January
	20,263



	2
	February
	28,350



	3
	March
	30,145



	4
	April
	28,123



	5
	May
	27,893



	6
	June
	24,287



	7
	July
	18,552



	8
	August
	12,354



	9
	September
	22,547



	10
	October
	27,698



	11
	November
	28,475



	12
	December
	24,150



	
	Total
	292,837
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Table 3. Economic indicators of preliminary optimization without the control.
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Results of the Preliminary Optimization without Control




	
Microgrid Architecture

	
NPC (EUR)

	
COE (EUR)

	
O&M (E)

	
Initial Investment (EUR)

	
Share RES (%)






	
G + PV

	
EUR 359,849.00

	
EUR 0.030

	
EUR 28,909.00

	
EUR 733,575.00

	
86.70%




	
G

	
EUR 386,665.00

	
EUR 0.111

	
EUR 29,910.00

	
EUR 0.00

	
0.00%








G—grid; PV—photovoltaic panel.
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Table 4. Technical indicators of preliminary optimization without the control.
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Results of the Preliminary Optimization without Control




	
Microgrid Architecture

	
PV (EUR)

	
Converter (EUR)

	
NPC (EUR)

	
COE (EUR)

	
Energy Purchased (kWh)

	
Energy Sold (kWh)

	
Share RES (%)

	
Return on Investment (Year)






	
G + PV

	
739

	
532

	
EUR 359,849.00

	
EUR 0.030

	
136,245

	
659,728

	
86.70%

	
13.0




	
G

	
0

	
0

	
EUR 386,665.00

	
EUR 0.111

	
269,461

	
0

	
0.00%

	
0.0








G—grid; PV—photovoltaic panel.













[image: Table] 





Table 5. Comparison of the optimization results.






Table 5. Comparison of the optimization results.





	
Results of the Preliminary Optimization without Control




	
Microgrid Architecture

	
NPC (EUR)

	
COE (EUR)

	
O&M (EUR)

	
Initial Investment (EUR)

	
Share RES (%)

	
Return on Investment (Year)






	
G + PV

	
EUR 359,849.00

	
EUR 0.030

	
EUR −28,909.00

	
EUR 733,575.00

	
86.70%

	
13.0




	
G

	
EUR 386,665.00

	
EUR 0.111

	
EUR 29,910.00

	
EUR 0.00

	
0.00%

	
0.0




	
G + PV (corrected)

	
EUR 1,060,000.00

	
EUR 0.086

	
EUR 23,209.00

	
EUR 733,575.00

	
86.70%

	
n/a








G—grid; PV—photovoltaic panel.
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Table 6. Presentation of developed models in scenario of selected example of TVZ building.






Table 6. Presentation of developed models in scenario of selected example of TVZ building.





	
TVZ Building Scenario




	
Microgrid Architecture

	
NPC (EUR)

	
COE (EUR)

	
O&M (EUR)

	
Initial Investment (EUR)

	
Share of Renewable Energy Sources (%)

	
Return on Investment (Year)






	
G + PV (50%)

	
EUR

372,081.00

	
0.0861 EUR/kWh

	
EUR

17,483.00

	
EUR 146,070.00

	
50.00%

	
12.00




	
G

	
EUR

386,665.00

	
0.1110 EUR/kWh

	
EUR

29,910.00

	
EUR 0.00

	
0.00%

	
0.00




	
G + PV

	
EUR

368,542.00

	
0.0666 EUR/kWh

	
EUR

9312.00

	
EUR 248,161.00

	
65.30%

	
12.09




	
G + PV + W

	
EUR

388,957.00

	
0.0711 EUR/kWh

	
EUR

9936.00

	
EUR 260,511.00

	
64.50%

	
12.95




	
G + W

	
EUR

406,695.00

	
0.1170 EUR/kWh

	
EUR

30,067.00

	
EUR 18,000.00

	
0.72%

	
n/a








G—grid; PV—photovoltaic panel, W—wind generator.
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Table 7. Calculation of electrical energy consumption and cost by month of year.






Table 7. Calculation of electrical energy consumption and cost by month of year.





	Month
	Energy Purchased (kWh)
	Energy Sold (kWh)
	Net Energy Purchased (kWh)
	Peak Load (kWh)
	Energy Charge (EUR)





	January
	13,792
	10,444
	3348
	84
	EUR 486.49



	February
	15,633
	10,438
	5195
	105
	EUR 691.50



	March
	16,527
	14,613
	1914
	121
	EUR 373.24



	April
	13,671
	12,181
	1490
	110
	EUR 299.39



	May
	13,015
	15,207
	−2192
	109
	EUR −76.09



	June
	10,302
	15,322
	−5021
	94
	EUR −388.75



	July
	7764
	20,248
	−12,484
	74
	EUR −1162.97



	August
	5935
	21,831
	−15,896
	46
	EUR −1524.31



	September
	11,197
	14,511
	−3314
	82
	EUR −208.23



	October
	16,374
	8257
	8118
	98
	EUR 991.87



	November
	19,448
	7375
	12,074
	110
	EUR 1421.30



	December
	16,000
	7897
	8104
	91
	EUR 986.37



	Annual
	159,658
	158,322
	1336
	121
	EUR 1889.81
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Table 8. Production and consumption of electrical energy.






Table 8. Production and consumption of electrical energy.





	Production
	(kWh/year)
	(%)





	Generic flat plate PV
	300,105.00
	65.3



	Grid purchases
	159,658.00
	34.7



	Total
	459,763.00
	100



	Consumption
	(kWh/year)
	(%)



	AC primary load
	269,461.00
	63



	DC primary load
	0
	0



	Deferrable load
	0
	0



	Grid sales
	158,322.00
	37



	Total
	427,783.00
	100
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Table 9. Sensitivity analysis according to purchase price.






Table 9. Sensitivity analysis according to purchase price.





	Electricity Cost

(EUR/kWh)
	Electricity Selling Price

(EUR/kWh)
	Correction Factor of Committed Energy
	Part of FN (%)
	Net Part (%)
	Bought Energy From Net (kWh)
	Sell into Net (kWh)





	0.111
	0.02
	0.18
	14.4
	85.6
	234,979.60
	835



	0.111
	0.03
	0.27
	15.2
	84.8
	233,353.00
	1094



	0.111
	0.05
	0.45
	17
	83
	229,472.30
	1894



	0.111
	0.08
	0.72
	43.2
	56.8
	211,440.40
	9329



	0.111
	0.09
	0.81
	35.3
	64.7
	196,316.60
	22,690



	0.111
	0.1
	0.90
	65.3
	34.7
	159,657.90
	158,381










[image: Table] 





Table 10. Salvage value of PV and converter at the end of lifetime of the project.






Table 10. Salvage value of PV and converter at the end of lifetime of the project.





	Salvage
	Nominal
	Discounted





	PV
	EUR 37,500.00
	EUR 8983.00



	Converter
	EUR 7720.00
	EUR 1749.00



	Total:
	EUR 45,220.00
	EUR 10,732.00
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Table 11. Comparison between the optimal and the original baseline system in terms of greenhouse gas emissions.






Table 11. Comparison between the optimal and the original baseline system in terms of greenhouse gas emissions.





	Greenhouse Gas
	Basic Solution with Network Only
	Optimal Solution
	Percentage Reduction (%)





	CO2 (kg/year)
	170.30
	100.90
	40.75



	SO2 (kg/year)
	738
	437
	40.79



	NOX (kg/year)
	361
	214
	40.72
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Table 12. Similarities and discrepancies between the literature and the current research work.






Table 12. Similarities and discrepancies between the literature and the current research work.





	Case Study
	Similarities with Current Work
	Gap and Discrepancies with Current Work
	Ref. No.





	Grid-connected hybrid (grid/PV/wind turbine/battery) power system, optimised with HOMER.
	Similar load 654.73 kWh/d, PV 150–200 kW, converter 180 kW, renewable fraction 72.9%; greater NPC EUR 535,661; COE EUR 0.099.
	Greater NPC and COE because of wind turbine and battery. Does not consider the change in the correction coefficient for the energy purchase price.
	[27]



	Techno-economic analysis and optimisation of campus grid-connected hybrid renewable energy system using HOMER grid
	Similar institution; greater load (3.3×); grid-connected solar PV and wind turbine system. Solar PV energy fraction 62%.
	Lower utility price 0.06 EUR/kWh and COE 0.0446 EUR/kWh. Greater renewable energy fraction (82%). Does not consider the change in the correction coefficient for the energy purchase price. Worse optimization (higher COE/utility 0.74–>0.6).
	[28]



	Sizing and analysis of grid-connected microgrid system for assiut university using HOMER software
	Similar institution; greater load (381×); grid-connected solar PV system.
	Lower utility price 0.04 EUR/kWh and COE 0.0401 EUR/kWh. Lower solar PV energy fraction (22.5%). Does not consider the change in the correction coefficient for the energy purchase price. Worse optimization (higher COE/utility 1.0025–>0.6).
	[29]



	Study of grid-connected pv system for a low voltage distribution system—a case study of cambodia
	Same configuration PV/Grid. Similar load 530.5 kWh/d and NPC 353,137 $.
	Higher utility price 0.164 EUR/kWh and COE 0.1654 EUR/kWh. Lower solar PV energy fraction (15.8%). Does not consider the change in the correction coefficient for the energy purchase price. Worse optimization (higher COE/utility 1.008–>0.6).
	[30]



	Hybrid optimization model for smart grid distributed generation using HOMER
	Similar configuration PV/grid + battery/DG. Greater load (6×); renewable fraction 87%.
	Greater NPC and COE because of DG and battery. Does not consider the change in the correction coefficient for the energy purchase price.
	[31]



	optimum design of a grid-connected PV/battery hybrid system for commercial load in Bangladesh
	Similar configuration PV/grid + battery. Similar load 900 kWh/d, NPC EUR 342,784 and COE 0.05 EUR/kWh.
	Better NPC and COE because higher sell-back price of 0.12 EUR/kWh. Does not consider the change in the correction coefficient for the energy purchase price.
	[32]
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