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Abstract: The growing human population and the increasing energy needs have produced a serious
energy crisis, which has stimulated researchers to look for alternative energy sources. The diffusion of
small-scale renewable distributed generations (DG) with micro-grids can be a promising solution to
meet the environmental obligations. The uncertainty and sporadic nature of renewable energy sources
(RES) is the main obstacle to their use as autonomous energy sources. In order to overcome this, a
storage system is required. This paper proposes an optimized strategy for a hybrid photovoltaic (PV)
and battery storage system (BSS) connected to a low-voltage grid. In this study, a cost function is
formulated to minimize the net cost of electricity purchased from the grid. The charging and discharging
of the battery are operated optimally to minimize the defined cost function. Half-hourly electricity
consumer load data and solar irradiance data collected from the United Kingdom (UK) for a whole
year are utilized in the proposed methodology. Five cases are discussed for a comparative cost analysis
of the electricity imported and exported. The proposed scheme provides a techno-economic analysis of
the combination of a BSS with a low-voltage grid, benefitting from the feed-in tariff (FIT) scheme.

Keywords: batter storage system; electricity consumer load; solar irradiance; solar photovoltaic system

1. Introduction

The increase in global warming is due to climate change beyond doubt. One of the main causes of
the production of greenhouse gasses is the fossil fuel-based energy source. The Intergovernmental
Panel on Climate Change (IPCC) has calculated an increase in the concentration of carbon dioxide
(COy), methane, and nitrous oxide by 40%, 150%, and 20%, respectively, since preindustrial times [1].
Till 2015, the combustion of fossil fuels produced two-thirds of the global CO, approximately [2].
A large number of harmful gasses are produced from the combustion of fossil fuels from industrial
zones, and their adverse effects on health and environment have been discussed in [3,4]. The increasing
concentration rate of 2-3 ppm/year is expected to reach the range of 535-983 ppm/year at the
end of the 21st century [5]. This motivates to shift from the hazardous and non-replenishing
energy source towards ever-green energy sources, especially for electrical power generation, which
produces about 42% of the global CO, emission [6]. The electricity generated from renewable energy
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sources can be foreseen to take the place of petroleum in vehicles, which is the main source of
environmental pollutants.

With the advancements of science and technology, a large number of alternatives for producing
energy on a sustainable level are available [7]. Since the late 1990s, the main driving force to boosting
alternative energy sources has been global warming linked to CO, emission. In the last two decades,
there has been considerable advancement in the field of photovoltaic (PV) technology. The price of
PV modules has shown a decrease of 7.5%, and the overall production of PV modules throughout the
globe has ramped up by 18% per year. The report in reference [8] shows that the compound annual
growth rate (ACGR) of PV installation was 24% between 2010 and 2017, with China and Taiwan
taking the lead with a share of 70%, and Asia-Pacific and Central Asia having a share of 14.8% in the
production of PV modules in 2017. The present order of magnitude for electricity production from
solar PV technology is higher than those for the production of electricity from hydraulic and nuclear
plants and fossil fuels [9]. Reports from the International Energy Agency and Renewable Energy
Policy Network show that the total installed capacity of solar PV systems in 2009 was 23 GW, which
increased by five times, to 137 GW, in 2013 and to 177 GW in 2014. In 2016, the major contributions
to the world’s built-in solar PV capacity of 303 GW came from the European Union with 106 GW
(Germany 41.3 GW), followed by China with 77.4 GW, Japan with 42.8 GW, and the USA with 40.9
GW [3,6,10,11]. The global trend in the growth of the installed PV capacity can be seen in Figure 1 [11].
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Figure 1. Installed global solar photovoltaic (PV) capacity (2006 to 2017) [11].

A solar PV cell consists of a semiconductor diode, which generates the electron-hole pairs when
photons of energy greater than the bandgap energy of the semiconductor material are incident
on it. The various types of materials used in PV technology are monocrystalline, polycrystalline,
thin films [12-14]. Amorphous silicon technology is the eco-friendliest technology and has a low cost,
which can be as low as 0.06-0.09 €/WP.

To tackle climate change and ensure energy security, the government of UK set up financial
incentives to motivate the consumers deploying Renewable Energy Sources (RES) [15]. Various
plans and projects have been initiated worldwide to merge Renewable Energy (RE) technologies for
energy production, keeping the stability of electricity production and national economies in view [16].
The significance of small-scale renewable energy is underlined in UK’s microgeneration strategy to
provide financial support incentives to set up these goals [17]. In many European Countries (EC) like
the UK, microgeneration technologies are encouraged by various government policies and schemes,
viz., feed-in tariff (FIT), Renewable Obligation (RO), reduced value-added tax (VAT), and capital grants
for households. FIT is the mostly adopted scheme for promoting RE deployment and is responsible for
the greatest share of RE development surpassing both Renewable Portfolio Standards (PS) and tax
incentives [11]. In EU, FIT policies have led to the installation of more than 15000 MW of solar PV
power and more than 55000 MW of wind power from 2000 to 2009 [18]. The pathways analysis shows
that small-scale solutions like heat pumps will help the UK government to meet the 80% reduction
in domestic greenhouse emission gasses by 2050 and reach the target of 15% renewable energy by
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2020 [17]. Within the FIT scheme, the large energy providers connect with the small-scale RE producers
to purchase their generated electricity for a fixed tariff.

Due to the irregular nature of the solar PV systems, the installation of large-scale distributed
PV systems raises technical issues with the grid [19]. The various problems that arise due to the
penetration of a distributed PV system include reverse-power flow, steady-state voltage rise, losses,
protection, power-quality issues, etc. [20,21]. The increasing electricity consumption and the decrease
in the cost of PV modules and battery packs have advanced the self-consumption of electricity [22,23].
According to reference [24], the various types of batteries used in hybrid PV systems are deep-cycle
batteries (lead-acid, flooded-type, valve-regulated-type sodium-sulphur, lithium-ion, and metal-air
flow batteries). Battery energy storage (BSS) systems re receiving great attention for providing support
to the grid in various applications, particularly in lithium-ion batteries [25-27]. The total global battery
storage capacity in 2017 was 4.67 TWh, which is expected to increase to 11.89-17.72 TWh by 2030 [28].
Chee et al. [19] used the method of Lagrange multiplier to maximize the revenue over a fixed period
of time, while maintaining the battery storage constant. In reference [29], a linear programming (LP)
algorithm was used with a combined PV and BSS for the optimal scheduling of power. Dynamic
programming (DP) was used for the optimal power flow management for the grid-connected PV
system, as described in reference [30]. The performance and the cost-effectiveness were analyzed for
the induction of batteries with the PV system in several studies [31-33]. Ratnam et al. [34] used a
quadratic program (QP) method to schedule a grid-tied hybrid PV and BSS. This methodology was
basically designed for electricity supplier companies to reduce the peak hour cost to the customers.
They validated their proposed methodology using measured data of 145 customers in Australia.
Their results suggested that most of the customers got benefits by adopting this technique. In another
study [35], a strategy was proposed to the customers for the optimum use of their hybrid PV and
BSS. The proposed methodology charged the BSS depending upon its state of charge (SOC), and the
extra PV energy was supplied to the grid when the BSS showed full SOC level. When the PV output
energy was less than the load demand, the BSS was discharged, which results in a low electricity bill.
Hassan et al. [36] reduced the electricity price by discharging the saved energy of BSS in the peak
hours. Similarly, some studies presented optimum strategies to reduce the electricity prices of the
grid-tied hybrid PV and BSS [37-39]. A study of the hybrid dual battery storage system discussed
the cost analysis, omitting the high capital cost of the two batteries [40]. Recently, Singh et al. [41]
improved the iterative method of electric system cascade analysis for an isolated hybrid PV and BSS.
Their proposed methodology significantly improved the system efficiency.

In this study, an optimum strategy to decrease the operating electricity cost of a hybrid PV and BSS
connected with a low-voltage grid is presented. The generated solar energy is utilized onsite for the
consumer load demand. When the solar energy generation is higher than the load demand, the extra
energy can be either stored in the battery or sold to the grid. Firstly, the extra PV energy charges the
battery, then it is exported to the grid. If the production of solar energy is lower than the demand,
the power can be imported to meet the unmet load demand. The stored battery energy is discharged
only during peak hours to reduce the peak load energy cost, and if the battery is at a lower specific SOC
level before peak hours than after being charged using the grid power, which results in the reduction of
the overall price of electricity for a whole day. The installed capacity of the solar PV system used in this
study is 3 kW; the effect of varying the battery capacity is discussed in Section 4 of this paper.

2. Materials and Methods

2.1. PV Data and Consumer Load Data

The current world is facing a dearth of energy, and this scarcity has stimulated researchers to
manipulate different renewable energy sources. The abundant, eco-friendly, and replenishable features
of renewable energy sources make them suitable to generate electricity in favorable climatic conditions.
The limitations of exclusively autonomous RES can be overcome by hybrid PV or wind systems in
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terms of efficiency, stability, and reliability, while operating at a minimum cost [42—44]. Solar energy
is considered the cheapest and eco-friendliest source to mitigate the energy crisis. However, solar
generation has its own constraints and limitations and depends upon weather conditions, day-time
hours, and other factors. There exist several days in a year when a solar PV system generates much
more power than the consumer demand, and there exist some days in which power generation is
lower than the consumer demand, as shown in Figure 2. This issue makes it impossible to provide the
requested energy at each instant. So, a hybrid PV and BSS connected with a grid was studied.

. \ I Demand [ PV generation \
Spring

Summer
1 . : - - 2.5 T
0.75 - 2r
5 0.5+ =
: £
A E
" ||i‘| l |||“ “ll |||
o MIETHIA " i | “ 0||||||||||||l'i||| | ||i I
10 20 50 20 50
Time (Half hnur) Time (Half hour)
Auturrm Winter
0.8 - 1 .
0.6 _ 0.75
g g
5 0.4 5 0.5}
5 ‘ z
0 30 40 50
Time (Half hour) Time (Half hour)

Figure 2. Solar PV generation and consumer load demand in the four seasons.

In Figure 2, the green bars show solar PV generation, and the purple bars show the consumer
load demand. The plots refer to the four seasons during a year. The graphs on the top left and right
indicate spring and summer, and the lower left and the right graphs indicate autumn and winter.
This indicates that solar energy can be used onsite to meet the load demand, can stored in batteries for
future use, and can be sold to the grid, benefitting from the FIT scheme. Therefore, an optimal scheme
is required to utilize onsite solar energy and store the excess power to maximize the daily savings of
the customers.

Consumer load demand data were collected on a half-hour basis from ELEXON [45] for a whole
year, and solar PV generation data were collected from the Sheffield microgeneration database [46] for
a whole year. The Sheffield microgeneration database stores and collects solar PV generation from
voluntary owners in the United Kingdom (UK).

2.2. Economy 7 Tariff

This tariff is categorized as off-peak and on-peak. The off-peak tariff offers a low rate of electricity,
while the on-peak tariff corresponds to a higher rate. About 9% of the customers in the UK are
subscribed to the Economy 7 tariff [47]. As shown in Figure 3, the off-peak period is 7 h, and the
remaining hours are on-peak hours. The rate of electricity during the off-peak hours is 6 p/kWh,
and that for the on-peak hours is 15.8 p/kWh.
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3. Proposed Methodology

The block diagram for our proposed hybrid PV and BSS indicating the energy flow directions
is shown in Figure 4. It includes solar PV modules, an AC to DC converter, a DC to AC inverter,
a customer load demand, and a controller.

(o)

@V GeneratioH Controller H Demand )

( Battery )

Figure 4. Block diagram of the proposed hybrid PV-BSS.

The solar PV system is operated to meet the onsite load demand. As shown in Figure 2, sometimes
the PV generation exceeds the load demand, and the excess power is stored in the battery. In the
proposed optimal strategy, as the battery is fully charged, the excess power is directed to the grid. On the
contrary, when the PV generation is insufficient to meet the demand, the power can be imported from
the grid or the BSS, depending upon the time of use. The controller first checks the time of use; if the
time lies between the peak hours, the controller checks the battery’s SOC level. The load is shifted
to the battery if the SOC level of the battery is more than 5%. Otherwise, the unmet demand will be
provided by the grid. Besides, the controller regularly checks if the SOC level of the battery is lower than
50%. The battery should be charged two hours before the first peak hour using the grid. This results in
reducing the overall daily cost of electricity. The battery should be charged two hours before the peak
hours’ start because it takes approximately two hours to charge the battery. This time can be adjusted
depending upon the charging time of the battery. The aforementioned strategy to provide power to the
load from the hybrid PV-BSS connected with a low voltage-grid is shown in Figure 5.
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Figure 5. Flowchart of the hybrid PV and battery storage system (BSS) system. SOC, state of charge.

Such a control logic and management are evaluated for a whole year. The mathematical function
used to determine the cost is given by Equation (1):

f =min| fpy + fpss + Z{(Pload — va)ptariff} % At )
d,t
subjected to:
L — Pita if Progg > va )
Ptariff { Pewrif Ppo > Ploga 2)

where fpy and fpgs are the capital cost of the PV system storage system, d is the day, ¢ is the time,
Pyy is the power generated by the PV system, Pj,,; is the demand of the consumer, P; 4, is the import
tariff at which the power is imported to meet the unmet demand, P, t, is the export tariff at which the
excess power is exported to the grid.

4. Results and Discussion

Energy plays a major role in the socio-economic progress of any country. Taking into consideration
the depletion of fossil fuels, concerns about climate change, increasing energy demand, and the
increasing population, the generation of electrical power is entering a new phase. Real-time data of
solar irradiance and consumer load demand are utilized in this study. The data were collected for
a whole year on a half-hour basis from the UK [46,48]. Figure 3 represents the pictorial view of the
proposed study. The controller is the main unit, which decides the direction of power flow. As shown
in Figure 2, there are some days, like in summer, where solar irradiance is high and generates much
more power than required to meet the demand. The excess power is directed by the controller to
charge the battery. As the battery indicates full SOC, the power is sold to the grid at the export rate.
However, as shown in Figure 2, there are some days, as in winter, when the solar irradiance is low,
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and the solar energy is not enough to meet the demand. The controller imports power at the prescribed
rate to meet the unmet demand, but during the peak hours, the battery is utilized to feed the consumer
demand. The controller optimally charges and discharges the battery to minimize the objective cost
function of purchasing the power from the grid. The effect of varying the battery capacity is evaluated
to minimize the cost function. However, varying the battery capacity applies to only three cases in
which the BSS is present. The demonstration of all the five cases is reported below.

4.1. Case 1 (Only Grid)

No solar PV or storage system are installed in this case. The grid provides electricity to meet the
consumer demand solely with the economy 7 tariff applied. For the whole year, the rate of electricity
during peak hours is 0.158 £/kWh and, during off-peak hours, is 0.06 £/kWh. The amount of power
purchased for the whole year is shown in Figure 6, and the total cost is shown in Table 1.

23
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Figure 6. Power purchased from the grid.
4.2. Case 2 (Grid and Solar PV System)

In this case, the solar PV system is installed, and the consumer demand is met by the solar PV
system alone or by both PV system and grid. On a priority basis, the demand is met by the solar PV
system first. If the energy provided by the PV system is insufficient, energy is imported from the grid
to meet the unmet demand at the prescribed rate during the on-peak and off-peak hours. The same
applies when the solar energy is more than the energy required, and the excess power is sold to the
grid at the prescribed export rate of 0.04 £/kWh. The imported and exported power, in this case,

is shown in Figure 7, and the cost is shown in Table 1.
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4.3. Case 3 (Grid, Solar PV System, and BSS)

In this case, a solar PV-BSS connected to a low-voltage grid is evaluated. The solar PV system
feeds the demand. If there is surplus power, the same is stored in the battery or exported to the grid
at the export rate of 0.04 £/kWh. However, if there is unmet demand, power is provided by the
battery irrespective of the on- and off-peak hours. When the SOC of the battery reaches the minimum
threshold limit, the power is purchased from the grid at the respective rate. The imported and exported
powers, in this case, are shown in Figure 8, and the cost analysis of imported and exported power by
varying the battery capacity is shown in Table 1.
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Figure 8. Imported and exported power with a PV system, grid, and BSS.
4.4. Case 4 (Grid, PV, and Utilization of BSS during the Peak Hours Only)

This case is similar to the previous case 3, with a solar PV system, grid, and BSS. The solar PV
system fulfills the consumer demand initially. The extra power is directed to the battery or sent to
the grid, and the required unfulfilled power is taken from the grid. However, during the peak hours,
the battery is utilized to provide the unfulfilled power. The power needed or sold to the grid is shown

in Figure 9. By changing the battery capacity, the costs of the imported and the exported power are
shown in Table 1.
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4.5. Case 5 (Proposed Strategy)

The strategy of meeting the consumers” demand is the same as in case 4. However, in this case,
the controller keeps on checking the PV generation, load, and SOC of the battery. The battery is
charged from the grid two hours before the peak hours’ start if the SOC of the battery is less than 50%.
The power purchased or exported to the grid is shown in Figure 10. The effect of varying the battery
capacity is shown in Table 1, in terms of the cost of the imported and exported power.
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Table 1. Cost analysis of the cases 1, 2, 3, 4, and 5.

Case Battery Capacity  Cost of Importing  Cost of Exporting Net Value (£)

(kWh) Electricity (£) (A) Electricity (£) (B) (C=A—-B)
1 0 288.344 0 288.344
2 0 162.005 118.9234 43.099
2 110.8290 103.5720 7.2570
3 3 92.2453 96.5552 —4.3129
2 100.7748 100.00374 0.7373
4 3 85.6395 93.6068 —7.9673
2 101.3259 108.2678 —6.9419
5 3 89.7309 106.9980 —17.2671

Table 1 gives the comparative cost analysis of the cases discussed above. The net cost of imported
and exported electricity in case 1 is 288.344 £, and the net value of the imported and exported electricity
in case 2 is 43.099 £. In case 3, the net cost of power purchased for the 2 kWh battery is 7.2570 £,
which reduced to —4.3129 £ when a 3 kWh battery was used. In case 4, the price of the imported
power on the 2 kWh battery is 0.7373 £, which decreased to —7.9673 £. In case 5, the value of the
power purchased on the 2 kWh battery is —6.9419 £, which decreased to —17.2671 £. The negative
sign indicates the net savings. From the cost analysis, it can be concluded that the selection of the
battery capacity plays a crucial role for the optimal energy management. The optimum value of battery
capacity must be selected while considering its cost.

5. Conclusions

There is an urgent need to make the transition from hydrocarbons towards the exploitation of
natural resources like solar and wind energy. This paper proposes an optimized hybrid solar PV and
BSS connected to a low-voltage grid and enrolled into the FIT scheme. A cost function was formulated
to determine the cost of the electricity imported and exported for the whole system. The BSS charges
using the extra energy generated by the PV system before it is exported to the grid. In addition,
the proposed strategy also charges the BSS from the grid before peak hours if the SOC level of the
BSS is lower than the threshold value. The proposed strategy discharges the BSS energy only during
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peak hours to reduce the overall daily electricity cost. Real-time data of solar irradiance and load
collected from the customers were used to validate the proposed methodology. The proposed scheme
showed the effect of optimally charging and discharging the battery and varying the battery capacity
on its actual function. This proposed optimized methodology with the economy 7 tariff indicates an
important possibility of energy management of residential loads benefitting from the FIT incentives
and can be applied to any type of the tariff scheme. The proposed strategy results in net savings and
attracts customers to systems allowing the self-utilization of solar energy.
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