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Abstract

:

This paper investigates a comparative study for practical optimal sizing of rooftop solar photovoltaic (PV) and battery energy storage systems (BESSs) for grid-connected houses (GCHs) by considering flat and time-of-use (TOU) electricity rate options. Two system configurations, PV only and PV-BESS, were optimally sized by minimizing the net present cost of electricity for four options of electricity rates. A practical model was developed by considering grid constraints, daily supply of charge of electricity, salvation value and degradation of PV and BESS, actual annual data of load and solar, and current market price of components. A rule-based energy management system was examined for GCHs to control the power flow among PV, BESS, load, and grid. Various sensitivity analyses are presented to examine the impacts of grid constraint and electricity rates on the cost of electricity and the sizes of the components. Although the capacity optimization model is generally developed for any case study, a grid-connected house in Australia is considered as the case system in this paper. It is found that the TOU-Flat option for the PV-BESS configuration achieved the lowest NPC compared to other configuration and options. The optimal capacities of rooftop PV and BESS were obtained as 9 kW and 6 kWh, respectively, for the PV-BESS configuration with TOU-Flat according to two performance metrices: net present cost and cost of electricity.
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1. Introduction


1.1. Background and Motivation


Due to population growth, human comfort level boosting, and industrialization development, electricity demand is increasing rapidly in the world with an annual growth rate of 4% [1,2,3]. It was stated by the International Energy Agency report that, with growing electricity demand, if no suitable measure is adopted, carbon emissions would increase by 70% over the next two decades [1]. It is estimated that 40% of the electricity demand is consumed by buildings (residential and commercial), which result in about 36% of the total emissions [4]. Renewable energy sources are the most promising solutions to supply the electricity demand and decrease carbon emissions [5]. Among them, rooftop solar photovoltaic (PV) technology has been widely incorporated for residential buildings. In addition to decreasing the emissions, installed rooftop PV systems can reduce the electricity bills of consumers [6].



Around 21% of Australian homes, 2.5 million houses, have installed a rooftop PV system as of October 2020 [7]. In Australia, consumers import electricity at a retail price (RP). Following rooftop PV installation, the load can be supplied by the PV system when there is PV generation, and the extra power of PV can be exported to the grid in a feed-in-tariff (FiT) rate [8]. Since the FiT rate is a fraction of RP in most Australian states and territories, consumers tend to install a battery energy storage system (BESS) with the rooftop PV system. When using the BESS in the premises of the home, the extra power of PV can be stored in the battery rather than selling back to the grid at a low price. Significant growth has been observed in the number of home battery installations in Australian houses over the past 5 years. According to an analytics report, 22,661 energy storage systems with a total capacity of 233 MWh were installed in Australia in 2019. A total of 73,000 home battery installations have been reported in Australia since 2015. This suggests that 8% of Australian houses with a rooftop PV have also installed BESS [9].



Traditionally, the customers use flat rates for import/export electricity prices (RP and FiT) from/to the main grid. The new electricity price mechanisms, however, propose a time-variant electricity rate for customers. Time-of-use (TOU) is the most recommended mechanism among the time-variant electricity rate programs [10]. By using the TOU mechanism, the electricity price changes two or three times during the day. Hence, the optimal capacity of PV and BESS needs to be selected according to the electricity rates for import/export costs of GCHs to obtain the highest economic profits [11]. There are also several important parameters such as the salvation value and degradation of PV and BESS, considering grid constraints, as well as incorporation of actual data that are required to achieve a practical optimal sizing of the system.




1.2. Literature Review


Several papers investigated the optimal sizing problem of components to achieve a techno-economic system. In [12], a new smart building was introduced using a solar-based system. In [13], dynamic real-time optimization was proposed to minimize the energy cost for a house with TOU and real-time pricing (RTP). In [14], optimal sizing of PV and BESS was evaluated by considering the battery degradation effect on its lifetime for two cases in the Netherlands and USA. The daily supply of charge (DSOC) was considered in the developed cost objective function. Optimal sizing of BESS was studied for a PV–BESS system in [15]. In [16], optimal sizing of PV and BESS was investigated for a GCH in China by considering different electricity rates. However, several practical parameters such as degradation of components, grid constraints, and salvation value were neglected. The annualized cost of electricity was minimized to find the optimal capacity of PV and BESS for GCHs in [17]. In [18], two system configurations were optimally sized for a grid-connected house (GCH) in Australia. In [19], a Malaysian case study was considered for optimal sizing of PV and BESS on the basis of maximum load reduction modelling.



The impact of energy management systems on the optimal sizing problem of rooftop PV and BESS was evaluated in [20]. In [21], a techno-economic analysis of rooftop PV and BESS for GCHs in Finland was adopted. The self-consumption issue of PV-BESS systems and their capacity optimization were investigated in [22]. In [23], the economic and environmental outcomes of optimal rooftop PV system installations were studied for customers in the residential sector in Iran by considering TOU rates for purchasing electricity and flat rates for selling. In [24], a linear optimization model was used for cost-optimal sizing of battery in a PV-BESS system. In [25], the levelized cost of electricity was minimized to find the optimal configuration of a PV-BESS microgrid. In [26], electricity cost minimization for net-zero energy homes through optimal sizing of BESS was investigated.



Table 1 summarizes the limitations of the existing studies. Degradation of BESS was mostly neglected, which is an important parameter that can affect the operation of the system by affecting the capacity reduction during the system operation and BESS lifetime. The salvation value of components, which is their value after the project lifetime, was neglected in existing studies. The grid constraint was rarely considered in the optimization model of the literature. The existing studies only considered one option of electricity rates and did not provide a comprehensive guideline for the customers on the basis of existing electricity rates in the market.




1.3. Contribution


The key contribution of this paper is the development of a comprehensive and practical optimal sizing for rooftop PV and BESS for GCHs by considering flat and TOU rates for import/export electricity prices. Two system configurations, PV only and PV-BESS, are optimally sized by minimizing the net present cost of electricity for four options of electricity rates (Flat-Flat, Flat-TOU, TOU-Flat, and TOU-TOU). A practical model is developed by considering grid constraints, daily supply of charge of electricity, salvation value of PV and BESS, actual annual data of load and solar, and current market price of components. The capacity degradation of BESS is calculated using the Rainflow counting algorithm. The degradation of BESS is then used to calculate the lifetime of battery. The capacity degradation rate is also considered for the rooftop solar PV system. A rule-based home energy management system (HEMS) is examined for the GCHs to control the power flow between PV, BESS, load, and grid. Operation analysis is presented for summer and winter to verify the proper power flow in the system configurations. Various sensitivity analyses are presented to examine the impacts of grid constraint and electricity rates on the cost of electricity and the sizes of the components. Although the developed capacity optimization model is generally applicable, a grid-connected house in Australia is considered as the case study.




1.4. Article Organization


This paper is structured as follows: the developed home energy management systems for two system configurations are presented in Section 2. The model of optimization for the system configurations is defined in Section 3. Section 4 presents the case study and its associated data. The optimization results, as well as operation and sensitivity analyses, are provided in Section 5. Section 6 concludes the paper.





2. Energy Management System


Two system configurations, PV only and PV-BESS, were investigated for a GCH in this study. Figure 1 demonstrates the connections among the components, load, and grid in both system configurations. In Configuration 1, the rooftop PV is connected to the grid and load through an inverter. In Configuration 2, an AC-coupled configuration is selected for rooftop PV and BESS. The HEMS of each system configuration is discussed in this section.



2.1. Configuration 1: PV Only


Figure 2 illustrates a rule-based HEMS for PV only configuration. The HEMS controls the power flow among the PV, load, and grid. In this figure, points A and B indicate the start and end of the system operation, which are then used in the optimization algorithm.



In this configuration, if the generated power by the rooftop PV (   P o   ) is greater than the household load (   P  L      ), then the extra power is sold to the grid by considering the grid constraint. Hence, the sold power to the grid (   P e   ) can be formulated as follows [18]:


   P e   ( t )  =  P o   ( t )  −  P  L      ( t )  .  



(1)







If the power of rooftop PV exceeds the grid constraint (   P  e , m a x    ), the extra power is dumped. It should be mentioned that the considered dumped power is not a physical load and is dumped by the control system of the inverter. The dumped power (   P d   ) can be calculated as follows:


   P d   ( t )  =  P o   ( t )  −  P L   ( t )  −  P  e , m a x   .  



(2)







On the other hand, when the generated power of rooftop PV cannot meet the load, the deficit power is to be purchased from the grid. The imported power (   P i   ) from the grid can be expressed as follows [18]:


   P i   ( t )  =  P L   ( t )  −  P o   ( t )  .  



(3)








2.2. Configuration 2: PV–BESS


Figure 3 indicates the rule-based HEMS for the PV-BESS system configuration. In this configuration, the HEMS controls the power flow among the PV, BESS, load, and grid.



When the generated power of the rooftop PV exceeds the load, the extra power first charges the BESS by considering the available input power limit of the battery. The charging power of the battery (   P  i m b    ) can be formulated as follows [18]:


   P  i m b    ( t )  =  P o   ( t )  −  P  L      ( t )  .  



(4)







If the PV power exceeds the load and input power limit of battery, then the extra power is sold to the grid by considering the grid constraint. The exported power to the grid can be expressed as


   P e   ( t )  =  P o   ( t )  −  P  L      ( t )  −  P  i m b    ( t )  .  



(5)







Any extra power can be dumped as follows:


   P d   ( t )  =  P o   ( t )  −  P L   ( t )  −  P  i m b   −  P  e , m a x   .  



(6)







On the other hand, when the generated power by PV is less than the load, the deficit power can be supplied by the discharging power of the BESS considering the output power limit of battery. The discharging power of battery (   P  i x b    ) can be expressed as follows [18]:


   P  i x b    ( t )  =  P L   ( t )  −  P o   ( t )  .  



(7)







If the output power limit of battery is not enough to fully supply the load, the deficit is imported from the grid as follows:


   P i   ( t )  =  P L   ( t )  −  P o   ( t )  −  P  i x b    ( t )  .  



(8)







For each time interval (  Δ t  ), the battery SOC is measured by


  S O C  (  t + Δ t  )  = S O C  ( t )  +    (   P  i m b    ( t )   η  i m b   −  P  i x b    ( t )  /  η  i x b    )  Δ t    E b    .  



(9)







Available BESS input power (   P  i b      ) and output power (   P  o b      ) limits are measured by


   P  i b      ( t )  =    E  b e s     Δ t    (  S O  C  m a x   − S O C  ( t )   )  ,  



(10)






   P  o b      ( t )  =    E  b e s     Δ t    (  S O C  ( t )  − S O  C  m i n    )  ) .  



(11)









3. Optimization Model


The optimal sizing contains the objective function of the model, design constraints of the system, and optimization methodology.



3.1. Objective Function


The objective function was to minimize the total net present cost (NPC) of electricity. The total NPC (  N P  C t   ) can be formulated as a function of the NPC of components (  N P  C s   ) and NPC of electricity exchange with the grid (  N P  C g   ) as follows [18]:


  N P  C t  = N P  C s  + N P  C g  .  



(12)







The NPC of components can be formulated as a function of the capital cost (  P  C c   ), replacement present cost (  P  C r   ), maintenance present cost (  P  C m   ), and salvation value of PV and BESS. Hence, the   N P  C S    can be calculated as follows:


  N P  C S  =  N  b e s    (  P  C  c  (  b e s  )    + P  C  m  (  b e s  )    + P  C  r  (  b e s  )    − P  C  s  (  b e s  )     )  +  N  p v    (  P  C  c  (  p v  )    + P  C  m  (  p v  )    + P  C  r  (  p v  )    − P  C  s  (  p v  )     )  ,  



(13)




where the subscripts   b e s   and   p v   are used for the BESS and PV system, respectively.



The capital cost of PV and BESS is the investment cost at the beginning of the project. The replacement present cost of components can be calculated as follows:


  P  C m  =  C m     1     (  1 + i r  )   M    .  



(14)







The maintenance present cost of components can be formulated as follows:


  P  C r  =  C r       (  1 + i r  )   M  − 1   i r    (  1 + i r  )   M    .  



(15)







The salvation value of the components can be expressed as follows [5]:


  P  C s  = N . P  C c  .  R M  ,  



(16)




where  M  is the lifetime of components and  R  is their remaining lifetime at the end of the project lifetime.



The lifetime of solar PV technology is usually determined by the company. The BESS lifetime is, however, determined on the basis of the capacity degradation in the system operation, and it is reached when the degradation reaches 20%. The capacity degradation of BESS is determined as a function of the depth of discharge (DOD) which is calculated according to a battery’s SOC as follows [5]:


  D O D  ( t )  = 1 − S O C  ( t )  .  



(17)







To calculate the battery degradation, the number of cycles and their associated DOD should be determined. The Rainflow cycle counting algorithm was adopted in this study to extract the full data of battery cycles data from the annual DOD. Then, an experimental model was used to determine the battery degradation on the basis of the provided data from the Rainflow algorithm. The applied experimental model was obtained according to the calendar lifetime and accelerated laboratory cycle tests under various stress factors and stress levels of BESS taken from [23]. This experimental model for determining the degradation of a lithium-ion battery was calculated as a function of the DOD for each cycle ( c ) as follows [27]:


  B D  ( c )  =   20   33000 .  e  − 0.06576 . D O D  ( c )    + 3277   .  



(18)







The total degradation of battery (TDB) for the annual operation of the system can be expressed as follows [5]:


  T B D =   ∑  c  B D  ( c )  .  



(19)







The cost of electricity usually increases at an inflation rate (  e r  ) above the interest rate (  i r  ). Hence, the interest rate of electricity can be expressed as follows [28]:


  i e =   i r − e r   1 + e r   .  



(20)







The NPC of electricity is calculated as a function of the annual electricity cost and the new interest rate of electricity as follows:


  N P  C g  =  C g       (  1 + i e  )   n  − 1   i e    (  1 + i e  )   n    .  



(21)







The    C g    is the annual cost of electricity, which is calculated as a function of the purchased and sold electricity and their associated electricity rates.


   C g  =   ∑   t = 1  K  I  ( t )   P i   ( t )  . Δ t −   ∑   t = 1  K  E  ( t )   P e   ( t )  . Δ t .  



(22)








3.2. Design Constraints


There were several design constraints for the developed optimization model, as presented below.


  0 ≤  P o   ( t )  ≤  P  o , m a x   ,  



(23)






   0 ≤  P  i x b    ( t )  ≤  P  o b    ( t )      and   0 ≤  P  i m b    ( t )  ≤  P  i b    ( t )  ,   



(24)






  S O  C  m i n   ≤ S O C  ( t )  ≤ S O  C  m a x   ,  



(25)






   P  b e s    ( t )  +  P  o t      ( t )  +  P i   ( t )  −  P e   ( t )  ≥  P L   ( t )  ,  



(26)






  0 ≤  P e   ( t )  ≤  P  e , m a x   .  



(27)







Equation (23) represents the constraint on the capacity of the rooftop PV which is limited by the available rooftop area in a typical household. Equation (24) indicates that the charging/discharging power of battery is limited by the available input/output power. The SOC of the battery is limited to between its minimum and maximum values as shown in Equation (25). Equation (26) shows the constraint of power balance for each time interval. Equation (27) shows the constraint on the export power limit to the grid from the rooftop PV of the GCH.




3.3. Cost of Electricity


The cost of electricity (COE) is the ratio of net annual payments and net annual consumption of electricity of the household. The COE, which was used for a comparison between the designed systems in this study, is calculated as follows [8]:


  C O E =   N P  C s  .   C R  F s  + N P  C g  .   C R  F g     E L    .  



(28)







The annual electricity demand (   E L   ) of the GCH is calculated as follows [8]:


   E L  =   ∑   t = 1  K   P L   ( t )  . Δ t .  



(29)







The capital recovery factor (CRF) is calculated differently for components and electricity exchange costs.


  C R  F s  =   d r    (  1 + d r  )   n       (  1 + d r  )   n  − 1   ,  



(30)






  C R  F g  =   d e    (  1 + d e  )   n       (  1 + d e  )   n  − 1   .  



(31)








3.4. Optimization Procedure


The formulated optimization model can be solved with different solvers in MATLAB. In this study, particle swarm optimization (PSO) was used due to its salient features such as computational efficiency, ease of implementation, capacity of finding global optima, suitable convergence rate, and lesser dependency on initial points [18]. The PSO algorithm has been broadly used for optimal sizing of power systems [28,29,30,31].



Figure 4 indicates the optimization flowchart for sizing of the rooftop PV and BESS. The procedure started with input data of the system. This comprised the electricity consumption of the GCH, weather data, electricity rates, grid data, and component data, which are all discussed in the next section. The PV and BESS were then sized by the PSO, and the operation of the system was examined for 1 year (8760 h). The system operation started at point A and ended at point B, as shown in the HEMSs in Figure 2 and Figure 3. Once the operation was terminated, the algorithm checked if the design constraints were satisfied. Then, the NPC of the system was calculated, and it was determined if the total generations and runs were satisfied. Lastly, the solution with the lowest NPC was selected as the best solution. The inertia, cognition, and social weights of the PSO algorithm were considered as 0.5, 2, and 2, respectively, in this study. To increase the robustness of the optimization, 200 particles and 200 generations were selected for the PSO, and the optimization was repeated for 20 runs.





4. Case Study


The optimal sizing model was examined for a case study in South Australia (SA). For this purpose, a typical GCH in SA was used by adopting the electricity consumption and weather data. In addition, the components and grid data were adopted according to the Australian market data.



The parameters associated with the optimal sizing project for the case study are listed in Table 2. The lifetime of the project was 20 years. The interest and inflation rates were 8% and 2% per year [32]. The daily supply of charge of electricity was 79 cent. Single-phase residential customers such as typical GCHs are prohibited to export more than 5 kW to the utility grid at any time [7].



Table 3 lists the electricity prices of flat and TOU rates for purchasing and selling electricity. The TOU rates of electricity are changed in three time periods for residential customers in SA [33]. The off-peak period is between 11:00 p.m. and 8:00 a.m., the shoulder period is between 8:00 a.m. and 6:00 p.m., and the peak period is from 6:00 p.m. to 11:00 p.m.



The rooftop PV and BESS characteristics for the optimal sizing model are listed in Table 4. The data include the size unit, lifetime, and economic data of components. The lifetime of rooftop PV was considered as 25 years and that of BESS was to be decided (TBD) as a function of the degradation after system operation. The economic data of the components were taken from [18] according to the market prices in SA. The minimum and maximum values of SOC were considered as 20% and 100%. The efficiency of BESS is assumed as 92.5%. It was assumed that the rooftop area of the typical GCHs in SA was limited to 50 m2, such that the maximum capacity of PV could not exceed 10 kW [18].



Actual annual variations of electricity consumption for a typical GCH in SA, as well as the solar insolation and ambient temperature in an urban area of SA, were collected on an hourly basis for the case study. Figure 5 demonstrates the annual variation of those data. The average of electricity consumption is 0.65 kWh with an average daily consumption of 15.6 kWh [14]. The ambient temperature varies from a minimum amount of 2.2 °C to a maximum amount of 41.8 °C for the urban area [8]. The maximum value of solar insolation in a whole year is 0.89 kWh/m2 [7].




5. Results and Discussion


The optimal results, power flow analysis, and sensitivity analysis for both system configurations are evaluated in this section. The results are presented for four different options, as listed in Table 5, according to electricity rates for purchasing and selling electricity.



5.1. Optimal Results of System Configurations


The following optimization results are presented for both system configurations with each electricity rate option in this subsection: (a) optimal capacity of rooftop PV and BESS, (b) annual dumped energy (ADE) of the systems, (c) annual import energy from the grid (AIEG), (d) annual export energy to grid (AEEG), (e) total NPC of system configurations, (f) COE of the systems, and (g) capacity degradation (CD) and calculated lifetime of the BESS. It is to be noted that, in this study, all the economic values are presented in Australian dollars (AUD).



5.1.1. Option 1: Flat-Flat


Table 6 lists the optimization results for both system configurations in Option 1. The normal case shows the results for a GCH without any PV and BESS when all the electricity is supplied by the grid. The optimal capacity of rooftop PV was obtained as 9 kW for both configurations. The BESS capacity was optimally sized at 10 kWh for the PV-BESS system. It is shown that adding 9 kW PV in the PV only system decreased the total NPC to half of that of normal GCH without PV. The total NPC of the PV-BESS system was lower than the PV only system by around $3000. The COE of the GCH was efficiently decreased by adding PV and BESS to the premises of the house. This is because the NPC of electricity exchange was decreased efficiently. As illustrated, the total annual electricity demand (5.7 MWh) was supplied by the main grid in the normal case and there was no export electricity to the grid. The AIEG for the PV only system was 3.25 MWh and only 0.76 MWh for the PV-BESS system. This means that only about 13% of the electricity demand was supplied by the main grid in the PV-BESS system. The PV only system exported more electricity throughout the year compared to the PV-BESS system. This is because the extra power of PV after supplying the load was first used to charge the battery in the PV-BESS system. The ADE of the PV only system was a bit higher than that of PV–BESS. The annual capacity degradation of battery in the PV-BESS system was obtained as 1.32%; hence, the battery lifetime was 15 years.




5.1.2. Option 2: TOU-Flat


In this option, the customer purchases electricity by TOU rates and sells the PV’s extra power under flat rate. Table 7 lists the optimization results for both system configurations in Option 2. The total NPC and COE of all configurations in Option 2 were lower than those of Option 1. The optimal capacity of PV was found to be 9 kW for both configurations, while the optimal capacity of BESS was 6 kWh for the second configuration. The COE of the PV-BESS system was about 2.62 ¢/kWh lower than that of the PV only system. The AIEG of the PV only system was almost half of the normal case and two times higher than that of the PV–BESS system. The annual BESS degradation was obtained as 1.46%; hence, the battery lifetime was about 13 years.




5.1.3. Option 3: Flat-TOU


In this option, the electricity is purchased at a flat rate and it is sold to the grid at TOU rates. Table 8 lists the optimization results for both system configurations in Option 3. The optimal capacity of rooftop PV was obtained lower than the beforementioned options. This recommends the customers to not invest in a high-capacity rooftop PV if they use a flat rate for purchasing and TOU rates for selling. Since the selling price is lower during the daytime, when the PV has higher generation, a BESS is more recommended to save the PV generation and use it for load supply. The optimal capacity of BESS was, hence, obtained as 10 kWh for the PV-BESS system. The total NPC and COE of the PV–BESS system were lower than those of the PV only system by about $5000 and 5 ¢/kWh, respectively. The ADE of both system configurations was zero since the PV capacity was low. The annual degradation of the battery was less than 1%; hence, its lifetime was about 20 years.




5.1.4. Option 4: TOU-TOU


In this option, both the purchased and the sold electricity costs are considered using TOU rates. Table 9 lists the optimization results for both system configurations in Option 4. Since the purchasing electricity price was based on TOU, and the price was lower during daytime (shoulder and off-peak), the optimal capacity of PV was obtained lower than Option 3 for the PV-BESS system. The BESS capacity was only 8 kWh for the PV-BESS system. Like Option 3, the ADE of both configurations was zero and the CD of the battery was less than 1%; hence, the BESS had a 20 year lifetime.





5.2. Economic and Operation Analyses


The COE of the options for the investigated system configurations is compared in Figure 6. As illustrated, for the normal system (without PV and BESS), the COE of Options 1 and 3 was the same since the electricity was purchased at a flat (F) rate. Furthermore, Options 2 and 4 had the same COE for the normal system since the electricity was purchased at a TOU rate. It was found that the TOU rate resulted in lower COE for the customers compared to the flat rate. For all the options, the customers could reach lower COE if they bought a BESS with their rooftop PV package. The minimum COE was obtained for the PV-BESS system configuration with Option 2.



It was found from the optimization results that the cheapest systems were achieved for Option 2 (TOU-Flat). To examine the operation of the systems, the power distribution of both configurations was investigated in the operation analysis for two sample days in summer and winter.



Figure 7 shows the daily power flow for two successive days (48 h) in summer using Option 2 for PV only and PV-BESS systems. In both configurations, there was no imported energy between 9:00 a.m. and 5:00 p.m. due to sunny days of summer with high generation of PV. This means that the PV could fully supply the GCH’s load during that period. In addition, most of the generated power of PV was exported to the grid, and the exported power exceeded the maximum export power limitation by around 12:00 p.m. For Configuration 1, the GCH’s load was supplied by importing power from the grid in the evening period. In Configuration 2, however, the BESS supplied the GCH’s load in the evenings and the imported power from the grid was nearly zero.



Figure 8 shows the daily power flow for two successive days (48 h) in winter using Option 2 for PV only and PV-BESS systems. In the winter, the rooftop PV system had less generation due to cloudy days with lower solar insolation. The sold electricity to the grid was much lower than that on summer days. As can be illustrated, the dumped energy was almost zero during the days in winter for both configurations since the extra power of PV was fully used to supply the load, selling to the grid, and charging the battery.




5.3. Sensitivity Analysis


Several sensitivity analyses are provided in this subsection as a function of the changes in the grid constraint, TOU rate, and flat rate. The optimal system configurations of Option 2, representing the best systems with the lowest costs, were examined for the sensitivity analyses.



For the GCHs in SA, there is a grid constraint to not export more than 5 kW to the grid at any time. It is vital to investigate the impacts of different values of the grid constraint on the optimal sizing model. Figure 9 illustrates the sensitivity analysis for the impact of export power limitation in Option 2 for PV only and PV-BESS system configurations. The optimal capacities of PV and BESS, as well as the COE, are shown in Figure 9. It is illustrated that, by decreasing the grid constraint, the optimal capacity of rooftop PV decreased accordingly. However, the COE of the configurations increased upon decreasing the export power limitation. For example, when the customers were prohibited to export any power to the grid, the optimal capacity of PV was obtained as 2 kW and 3 kW for Configurations 1 and 2, respectively. In Configuration 2, the BESS capacity did not change significantly upon changing the export power limitation. For export power limitations between 3 and 10 kW, the optimal capacity of BESS was 6 kWh and did not change.



Figure 10 demonstrates the sensitivity analysis for the impact of TOU rates of purchasing electricity using option 2 for PV only and PV-BESS system configurations. By increasing the TOU rates, the COE was increased. For example, when the TOU rates were multiplied by 1.4, the COE was increased to 28 ¢/kWh and 24 ¢/kWh in Configurations 1 and 2, respectively. The capacity of PV showed a similar change pattern for both system configurations. It was increased to 10 kW when the TOU rates were increased from the current values. The optimal capacity of BESS was increased when the TOU rates increased in the PV-BESS configuration.



Figure 11 illustrates the sensitivity analysis for the impact of TOU rates of purchasing electricity using Option 2 for PV only and PV-BESS system configurations. The sensitivity analysis shows that, by increasing the FiT, the COE of both configurations was decreased, and the rooftop PV capacity was increased. The optimal capacity of BESS was increased from 2 kWh for an FiT of 5 ¢/kWh to 8 kWh for an FiT of 25 ¢/kWh.





6. Conclusions and Future Works


This research investigated the optimal sizing problem of PV and BESS for GCHs by considering flat and TOU rates for import/export electricity prices from/to the main grid. Two system configurations, PV only and PV-BESS, were optimally sized for four options of electricity rates: Flat-Flat, Flat-TOU, TOU-Flat, and TOU-TOU. A practical model was developed by considering grid constraints, daily supply of charge of electricity, salvation value and degradation of PV and BESS, actual annual data of load and solar, and current market price of components. The developed capacity optimization model was examined for a grid-connected house in Australia. It was found that the TOU-Flat option for the PV-BESS configuration achieved the lowest NPC and COE compared to other configuration and options. The optimal capacities of rooftop PV and BESS were obtained as 9 kW and 6 kWh, respectively, for the PV-BESS configuration with TOU-Flat. It was found that changing the export power limitation would significantly change the COE and optimal capacity of PV, whereas it did not affect the BESS capacity. The sensitivity analyses indicated that increasing the export power limitation, decreasing the import tariff, and increasing the FiT would significantly reduce the COE of the household.



Future studies may focus on the incorporation of demand response programs in households with different electricity pricing mechanisms. Hence, new analysis should be implemented to find the most suitable electricity tariffs for the customers.
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Nomenclature




	   B D   
	Battery degradation (%)



	    C g    
	Annual cost of electricity exchange with grid ($)



	    C m    
	Yearly maintenance cost of components ($)



	    C r    
	Replacement cost of components ($)



	   C R  F s    
	Components capital recovery factor



	   C R  F g    
	Electricity capital recovery factor



	  E  
	Feed-in-tariff price (¢/kWh)



	    E  b e s     
	Battery capacity (kWh)



	    E L    
	Annual electricity demand (MWh)



	   e r   
	Escalation rate (%)



	  I  
	Retail price (¢/kWh)



	   i e , d e   
	Interest/discount rates of electricity (%)



	   i r , d r   
	Interest/discount rates (%)



	  K  
	Total time interval (hr)



	  M  
	Component’s lifetime (year)



	  N  
	Number of components



	   N P  C s    
	Net present cost of components ($)



	   N P  C g    
	Net present cost of electricity exchange with grid ($)



	   N P  C t    
	Total net present cost ($)



	  n  
	Project lifetime (year)



	    P  b , m a x     
	Maximum allowable power of battery (kW)



	    P  e , m a x     
	Maximum export power limit to the grid (kW)



	    P  o , m a x     
	Maximum allowable power of PV (kW)



	    P  i m b   ,  P  i x b     
	Charging/discharging power of battery (kW)



	    P  i b   ,    P  o b     
	Available input/output power of battery (kW)



	    P L    
	Load power (kW)



	    P e  ,    P i    
	Export/import power to/from grid (kW)



	    P d    
	Dumped power (kW)



	    P o    
	Output power of rooftop PV (kW)



	   P  C c    
	Capital present cost of components ($)



	   P  C m    
	Maintenance present cost of components ($)



	   P  C r    
	Replacement present cost of components ($)



	   P  C s    
	Salvation present value of components ($)



	   r , q   
	Electricity interest/discounts rates (%)



	  R  
	Remaining lifetime of components at the end of project lifetime (year)



	   S O  C  m a x   , S O  C  m i n     
	Maximum and minimum SOC of battery (%)



	   y r   
	Year



	   Δ t   
	Time interval (h)



	    η  i m b   ,  η  i x b     
	Import/export efficiency of battery (%)
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Figure 1. Two system configurations for a grid-connected house. 
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Figure 2. Rule-based home energy management system for PV only system. 
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Figure 3. Rule-based home energy management system for PV-BESS system. 
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Figure 4. Optimization flowchart for sizing of PV and BESS. 






Figure 4. Optimization flowchart for sizing of PV and BESS.



[image: Energies 14 03520 g004]







[image: Energies 14 03520 g005 550] 





Figure 5. Annual variations of (a) electricity consumption, (b) solar insolation, and (c) ambient temperature. 
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Figure 6. COE comparison of different options for the investigated system configurations. 
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Figure 7. Daily power flow for two sample days in summer using Option 2: (a) PV only system; (b) PV-BESS system. 
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Figure 8. Daily power flow for two sample days in winter using Option 2: (a) PV only system; (b) PV-BESS system. 
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Figure 9. Sensitivity analysis for the impact of export power limitation using Option 2: (a) PV only; (b) PV-BESS. 
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Figure 10. Sensitivity analysis for the impact of TOU rates using Option 2: (a) PV only system; (b) PV-BESS system. 
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Figure 11. Sensitivity analysis for the impact of FiT price using option 2: (a) PV only; (b) PV–BESS. 
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Table 1. Summary of limitations of existing studies on optimal sizing of PV and BESS for GCHs.
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	Reference
	Electricity Rate
	DSOC
	Degradation of BESS
	Grid Constraint
	Salvation Value





	[12]
	Flat
	✗
	✗
	✓
	✗



	[13]
	TOU and RTP
	✗
	✗
	✗
	✗



	[14]
	TOU
	✓
	✓
	✗
	✗



	[15]
	Flat
	✗
	✓
	✗
	✗



	[16]
	Flat and TOU
	✗
	✗
	✓
	✗



	[17]
	TOU
	✓
	✗
	✗
	✗



	[18]
	Flat
	✗
	✗
	✓
	✗



	[19]
	TOU
	✓
	✗
	✗
	✗



	[20]
	Flat
	✗
	✗
	✓
	✗



	[21]
	TOU
	✓
	✗
	✗
	✗



	[22]
	Flat
	✗
	✗
	✓
	✗



	[23]
	TOU
	✗
	✗
	✗
	✗



	[24]
	Flat
	✗
	✓
	✗
	✗



	[25]
	Flat
	✗
	✓
	✗
	✗



	[26]
	Flat
	✓
	✗
	✗
	✗



	This study
	Flat and TOU
	✓
	✓
	✓
	✓
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Table 2. Parameters associated with the optimal sizing project for the case study.
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	Parameter
	Value
	Parameter
	Value





	Grid export limit (kW)
	5
	Electricity supply charge (¢/day)
	0.79



	Escalation Rate (%)
	2
	Project lifetime (years)
	20



	Interest/Discount Rate (%)
	8
	
	










[image: Table] 





Table 3. Economic data of the proposed EMS.
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	Electricity Exchange
	Purchasing (¢/kWh)
	Selling (¢/kWh)





	Flat rates
	48.00
	17.00



	ToU rates during Peak
	58.01
	18.00



	ToU rates during Shoulder
	39.93
	10.00



	ToU rates during Off-Peak
	25.41
	5.00
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Table 4. Rooftop PV and BESS characteristics for the optimal sizing model.
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	Component
	Size Unit
	Capital Cost
	Replacement Cost
	Maintenance Cost
	Lifetime





	PV
	1 kW
	$1500
	$300 (for inverter in 10th year)
	$50/year
	25 years



	BESS
	1 kWh/0.5 kW
	$350
	$ 200
	N/A
	TBD after annual operation
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Table 5. Different options based on the type of the electricity rate for retail price and feed-in-tariff.
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	Options
	Retail Price
	Feed-in-Tariff





	1
	Flat
	Flat



	2
	TOU
	Flat



	3
	Flat
	TOU



	4
	TOU
	TOU
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Table 6. Optimal results for both system configurations with Option 1 (Flat–Flat).
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	Configuration
	PV (kW)
	BESS (kWh)
	NPCt

($)
	COE (¢/kWh)
	AIEG (MWh)
	AEEG (MWh)
	ADE (MWh)
	BESS CD (%)
	BESS Lifetime (Year)





	PV only
	9
	-
	15,113.70
	28.08
	3.25
	11.13
	0.52
	-
	-



	PV-BESS
	9
	10
	12,116.32
	24.73
	0.76
	7.99
	0.43
	1.32
	15



	Normal
	-
	-
	31,710.99
	48.00
	5.70
	-
	-
	-
	-
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Table 7. Optimal results for both system configurations with Option 2 (TOU-Flat).
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	Configuration
	PV (kW)
	BESS (kWh)
	NPCt

($)
	COE (¢/kWh)
	AIEG (MWh)
	AEEG (MWh)
	ADE (MWh)
	BESS CD (%)
	    BESS    ℓ b    ( Year )    





	PV only
	9
	-
	11,624.43
	22.80
	3.62
	11.13
	0.52
	-
	-



	PV-BESS
	9
	6
	9479.90
	20.18
	1.69
	9.18
	0.45
	1.46
	13



	Normal
	-
	-
	26,509.02
	40.13
	5.70
	-
	-
	-
	-
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Table 8. Optimal results for both system configurations with Option 3 (Flat–TOU).
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	Configuration
	PV (kW)
	BESS (kWh)
	NPCt

($)
	COE (¢/kWh)
	AIEG (MWh)
	AEEG (MWh)
	ADE (MWh)
	BESS CD (%)
	    BESS    ℓ b    ( Year )    





	PV only
	2
	-
	24,808.31
	38.71
	3.74
	1.18
	0.00
	-
	-



	PV-BESS
	4
	10
	19,622.06
	33.22
	1.24
	1.12
	0.00
	0.97
	20



	Normal
	-
	-
	31,710.99
	48.00
	5.70
	-
	-
	-
	-
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Table 9. Optimal results for both system configurations with Option 4 (TOU-TOU).
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	Configuration
	PV (kW)
	BESS (kWh)
	NPCt

($)
	COE (¢/kWh)
	AIEG (MWh)
	AEEG (MWh)
	ADE (MWh)
	BESS CD (%)
	    BESS    ℓ b    ( Year )    





	PV only
	2
	-
	21,164.37
	33.19
	3.72
	1.18
	0.00
	-
	-



	PV-BESS
	3
	8
	17,040.57
	28.49
	1.92
	0.40
	0.00
	0.92
	20



	Normal
	-
	-
	26,509.02
	40.13
	5.70
	-
	-
	-
	-
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