
 

 

 

 

 
 

 
1. INTRODUCTION 

Renewable energy sources (RES) such as solar and wind are 

expected to play a foremost role in mitigating climate change 

and resource depletion as well as domestic energy security.  

Therefore, it is possible to prognosticate that the future 

energy supply will be strongly influenced by the energy 

produced by RES, which depends on local weather conditions 

and in some cases is limited to daytimes period [1]. 

As a consequence, the fluctuations of the energy generation 

generate considerable gaps between electricity consumption 

and supply. Such mismatches between demand and supply 

pose an increasing threat to the stability of the electricity 

system.  

Thereby, a more widespread use of intermittent energy 

sources requires to balance the surplus and deficit in energy 

due to the strong and sudden fluctuations of the generation 

during the day and all over the year [2]. 

An effective resource for reducing the mismatches between 

supply and demand of energy by RES are storage technologies, 

both for large and small-scale applications. 

Generally, the number of cycles and the period of the 

operation are used for defining the operative time of on-grid 

energy electricity storage (EES) systems.  

EES with high cycle stability and short duration at high 

power output is requested for the maintenance of voltage 

quality (e.g. compensation of reactive power); on the other 

hand, longer storage duration and fewer cycles are required for 

time shifting [3]. 

In Italy, more than 500,000 PV plants have been installed 

which produces almost 109,5 TWh, reaching a covering 5.6% 

of the total energy demand [4]. 

With the growing popularity of PV plant in residential 

building, the interest in batteries system, that could store 

electricity from those installations, is increasing. In the future, 

such storage systems could benefit homeowners, by giving 

them more control over how and when they obtain the power 

they need, while helping utilities by shifting demand to off-

peak hours and smoothing out the load on the system. 

An important role expected for electric energy storage 

(EES), in a self-consumption or zero-export scenario is to store 

excess local PV production and discharge the stored energy 

when necessary.  

Thus, the EES allows the Energy Management Systems 

(EMS) to function optimally with less power needed from the 

grid. In the future, Smart Grid and Electric vehicles (EVs) will 

be not only a new load for electricity grid but they will be also 

a possible distributed energy resource able to provide a load-
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ABSTRACT 

 
The energy generation through photovoltaic systems has recorded extremely high growth rates. In Italy, more 

than 500,000 PV plants have been installed which produce almost 109,5 TWh, reaching a covering 5.6% of the 

total energy demand. The fall in prices of technology has resulted in a sharp drop in the cost of generation 

photovoltaic energy, which based on current projections reach competitiveness with the energy purchased from 

the grid in the next future, giving rise to a possible further spread of PV plants. In recent years appeared 

unavoidable the need to address the issues arising from the uncontrolled growth of photovoltaic installations 

such as intermittent, loss of balance and predictability of the generation. A possible strategy that facilitates the 

integration of renewable energy is the usage of battery electric energy storage (EES), together with incentives 

for self-consumption or energy independence from the network. The stepwise reduction of remuneration for 

photovoltaic grid feed-in power in Italy, residential energy grid-interactive energy storage systems for buffering 

of surplus PV generation and subsequent self-consumption is a field of growing interest and market activity.  

The study aims to identify the energy exchange with the grid of combined PV-EEs systems dedicated to 

residential and small commercial photovoltaic generation plants. 
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shifting function in a smart grid.  

Typically, the effectiveness of EES for PV is investigated 

examining its potential to increase the share of electricity 

generated by PV residential system that is consumed by the 

household (self-consumption) [5]. 

Many studies are focused on potentiality of the sharing of 

electricity generated by Decentralized Energy Systems (DES) 

[6]. Gibson et al report on the optimization of charging 

efficiency from a PV system to a battery in a residential energy 

system [7]. Colmenar et al. indicate that storage technologies 

allow households to reduce the amount of electricity that is 

bought at retail prices and the one to be sold at wholesale 

prices [8]. 

Literature studies have advanced our awareness on the 

function that storage plays in residential PV systems. However, 

insufficient guidance is available to quantify the advantages of 

combining PV and storage systems to justify the requested 

extra costs.  

Moreover, the feasibility of the electric storage has been 

investigated under the hypothesis of policy support in the form 

of feed-in tariffs and/or additional premiums for self-

consumed electricity [9]. 

Therefore, under the assumption of the reduction of policy 

incentives in the immediate future, the accurate chosen of the 

PV system and battery storage significantly affect the 

economic feasibility of the combined PV-battery system.  

Indeed, the economic practicability of the electric storage is 

toughly dependent by the amount of electricity produced that 

is self-consumed [10]. 

The aim of this paper is to investigate the grade of self-

sufficiency and the energy exchanged with the grid for 

different scenarios of residential PV systems combined with 

battery storage. 

More specifically, three size of PV plant, (2.4, 3.1 and 3.8 

kWp) and annual household consumptions (3,000, 4,000 and 

5,000 kWh) have been investigated for defining the 

performances of each of the nine proposed combinations [4]. 

The results of this study provide useful information for 

policy making and the trend toward distributed electricity 

generation. 

2. MATERIAL AND METHODS 

2.1 Electricity storage 

A battery is a device that allows to convert chemical energy 

into electrical energy and vice versa. 

The main battery characteristics are: 

• Capacity (C), measured in Ampere-hour (Ah), 

indicates the theoretical value of the intensity of current 

that the battery is able to provide for a process of 

discharge of one-hour durations.  

• Stored energy (EEES), measured in Watt-hours (Wh), 

indicates the amount of energy stored in the battery and 

it is given by the integral value of the capacity of the 

product to the average discharge voltage.  

• State of Charge (SOC) identifies the remaining 

capacity of a battery (0% = empty; 100% = full) and it 

is a function of the load current and the operating 

temperature. 

• Depth of Discharge (DOD) describes how deeply the 

battery is discharged (100% = empty; 0% = full). 

• Discharge voltage (Cut-off Voltage), is the minimum 

allowable voltage, generally defines the “empty” state 

of the battery. 

• Life cycles is the number of charge-discharge cycles to 

which a battery can be subjected up to a specific DOD 

value (typically 80%) before they manifest a 

degradation of its performance. 

The operating life of a battery is deeply affected the 

amplitude of the charge and discharge cycles, the DOD and 

other operational conditions such as the temperature. 

The temperature within the cell increases with the applied 

current for ohmic effect, but it may increase considerably 

during the charge to the overrun of 80-90% of the SOC due to 

parasitic reactions of electrolyte degradation [11]. 

In order to preserve the normal aging of the same battery, the 

SOC is typically maintained in a range between 20% and 90% 

and the maximum values of DOD stood at around 70%. 

Typically, the higher is the DOD of a battery; the lower is 

the number of life cycles. 

Specific parameters, such as specific energy and specific 

power, referred to the weight of the system and expressed 

respectively in Wh/kg and W/kg are to compare different 

systems [12].  

Nowadays, the most used technologies for the 

electrochemical accumulators are Lead Acid battery (LA), 

Nickel Cadmium (NiCd), Nickel Metal Hydride battery 

NiMH), Litio-ione (Li-ion), Sodium Nickel Chloride (Ni-

NaCl), etc. 

LA batteries are the most widely used battery type; they 

represent a mature technology at low cost. Their main 

disadvantage is that the usable capacity decreases when high 

power is discharged. Typical service life is 6 to 15 years with 

a cycle life of 1,500 cycles at 80 % depth of discharge. Typical 

coulombic charge efficiency can be as high as 85% to 90%. 

Power density and the number of cycles of nickel-based 

batteries compared with lead acid batteries are higher 

moreover energy density is slightly greater. They have been 

prohibited for consumer use because of the toxicity of 

cadmium. 

NiMH batteries have similar characteristics to NiCd 

batteries, except for the maximal nominal capacity that is ten 

times less than NiCd and LA. Otherwise, they have much 

higher energy densities. 

Li-ion batteries have the advantage of a high gravimetric 

energy density, and the prospective of large cost reductions 

through mass production. Li- ion batteries generally have an 

efficiency, typically in the range of 95 % - 98 %.  

Safety is a grave issue in lithium ion battery technology. 

Indeed, most of the metal oxide electrodes are thermally 

unstable and can decompose at elevated temperatures, 

releasing oxygen, which can lead to a thermal runaway.  

To minimize this risk, lithium ion batteries are equipped 

with a Battery Management System (BMS) to avoid over-

charging and over discharging. Usually a voltage balance 

circuit is also installed to monitor the voltage level of each 

individual cell and prevent voltage deviations among them. 

The Li-ion technology is by far the favored than the other. 

The lithium, being the lightest metal (equivalent weight: 6.94 

g mol-1) and the more electropositive, possesses a high specific 

capacity equivalent of about 3.8 Ah g-1.  

The life cycle can be used to measure the life of Li-ion 

batteries deployed in EES applications for solar photovoltaic 

installations. It is expressed in terms of the number of charge 

and discharge cycles that can be achieved depending to what 

level the battery is discharged – its ‘depth of discharge’ or 
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DOD. It is influenced by both the DOD and the charging rate. 

Figure 1 shows the expected life for Li-ion cells for a 

capacity loss of 20% in function of the temperature.  

 

Figure 1. Expected life for Li-ion cells [13] 

2.2 Electricity generation 

The PV electricity production (EPV) is a function of the 

global solar irradiation (G), the outside air temperature and the 

performance characteristics of the PV module as well as the 

angles of tilt, orientation and the area of PV modules (APV).  

The energy yield from the PV modules has been calculated 

through a simplified approach as in the follows [14]. 

 

𝐸𝑃𝑉 = 𝐴𝑃𝑉 ∙ 𝐺 ∙ 𝜂𝑃𝑉 ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑚               (1) 

 

𝜂𝑃𝑉 = 𝜂𝑆𝑇𝐶 ∙ [1 + 𝜇 ∙ (𝑇𝑃𝑉 − 25) + 0.12 ∙ 𝑙𝑛 (
𝐺

1000
)]             (2) 

 

𝑇𝑃𝑉 = 𝑇𝑎 + (
𝑁𝑂𝐶𝑇−20

800
) ∙ 𝐺 ∙ (1 −

𝜂𝑆𝑇𝐶

𝜏𝛼
)            (3) 

 

The calculation of the electricity production EPV is 

performed on a time basis 𝜟t=15 min.  In Eq. (1), ηPV 

conversion efficiency of the PV cells, ηinv= 0.95 is the 

efficiency of the inverter and ηm= 0.92 accounts for the losses 

due to mismatch. The degradation of PV panels and the small 

decrease of resulting power is neglected. 

As well known the conversion efficiency of the PV cells (Eq. 

2) is a function of the temperature of the PV cells (TPV) [15], 

which is in turn a function of the operating conditions (Eq.3). 

TNOCT is the nominal operating cell temperature, defined as 

the temperature reached by open circuited cells in a module 

under the follows conditions: absence of electrical load, total 

irradiance of 800 W/m2, ambient temperature of 20°C and 

wind speed of 1.0 m/s [16]. The value of TNOCT is provided in 

the technical data sheet of the PV module. The terms “τvα” 

accounts for the transparency of the front glass [17]. 

 

2.3 Electric load profile 

During the day, the load profile is influenced by the 

characteristic of the domestic appliances and the user habits. 

In this study, a standard load profile of electricity 

consumption for Italian household in Italy with a resolution of 

15 minutes has been used [18, 19]. 

 

3. SIMULATION MODEL  

The battery is modelled with a simplified approach, 

considering a constant efficiency of 95%. Thus, the effects of 

the discharging power, the temperature and the battery age 

have been neglected.  

With the aim to maximize the life of the storage system, the 

maximum depth of discharge has been limited to the 10% of 

the maximum capacity SOCmax.  

The PV electricity output (EPV) that instantly can be 

consumed by the load (Eh-load) is used directly on-site.  

In the case in which the PV power exceeds the load, a 

surplus occurs. As long as the battery does not reach the 

maximum state of charge (SOCmax), the excess PV power is 

used for charging the battery (EEES). Otherwise, the surplus PV 

power is driven to the grid (Egrid-exp). When the load exceeds 

the generated PV power, the battery is discharged until the 

minimum state of charge is reached. The grid (Egrid-imp) 

supplies the remaining load.  

Therefore, different scenarios can occur. 

Case A: the PV power exceeds the load, therefore a surplus 

(S) occurs: (EPV(τ) > Eh-load (τ)) 

As long as the battery does not reach the maximum state of 

charge (SOCmax) the resulting excess PV power will be used 

for charging the battery (S1), restricted by the battery inverter 

power. Otherwise, the surplus PV power will be fed into the 

grid (S2).  

Subcase S1. The battery is able to accept the whole surplus 

(Egrid-exp =0), that is: 

 

E
EES

 (τ-dτ) + (E
PV

 (τ) - E
h-load

(τ)) < SOC
max

                                     (4) 

 

Then, the energy stored in the battery will be: 

EEES_ch (τ) = (EPV (τ) - Eh-load(τ)). ηch          (5) 

Subcase S2. The battery is unable to accept the whole 

surplus, that is: 

EEES (τ-dτ) + (EPV (τ) - Eh-load(τ)) > SOCmax               (6) 

Therefore, the surplus (EPV(τ) - Eh-load(τ)) is partially 

reversed to the battery: 

EEES _ch(τ) = (SOCmax – EEES (τ))∙ ηch          (7) 

and the remaining surplus is driven to the grid (Egrid-exp(τ)):  

Egrid-exp(τ)=(EPV(τ)-Eh-load(τ))-(SOCmax–EEES(τ)) ηch             (8) 

Case B. The house electric load exceeds the generated PV 

power, therefore a deficit occurs: EPV (τ) < Eh-load(τ) 

To compensate the emerging deficit (D), the electricity 

stored within the battery or the energy imported from the grid 

can be exploited. The battery is discharged up to the minimum 

state of charge is touched. The remaining load is covered by 

energy drawn from the grid.   

Two different possibilities emerge: the electricity 

consumption can be either entirely satisfied by the stored 

energy within the battery, (D1), or not (D2). 

Subcase D1. Electricity consumption entirely satisfied by the 

stored energy within the battery. 
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EEES (τ-dτ) + (EPV (τ) – Eh-load(τ)) > DOD ∙ SOCmax                  (9) 

 

Therefore, the energy stored in the battery is reduced by the 

quantity: 

 

E
EES

(τ) = E
EES

(τ-dτ) + (E
PV

 (τ) - E
h-load

(τ))/η
dis

        (10) 

 

Subcase D2. The electricity consumption can not be entirely 

satisfied by the stored energy within the battery, that is: 

EEES (τ-dτ) + (EPV (τ) - Eh-load(τ)) <  DOD⋅SOCmax            (11) 

Therefore, the house load (Ehouse-load (τ)) is partially provided 

by the battery: 

 (EEES (τ) - DOD x SOCmax)/ηdis          (12) 

The remaining Eh-load (τ) is supplied by the grid Egrid-imp(τ)  

Egrid-imp(τ) = EEES (τ) /ηdis + (EPV(τ)-Eh-load(τ))-DOD⋅SOCmax 

                (13) 

 
 

Figure 2. Example of deficit scenario 

 
 

Figure 3. Example of surplus scenario 

 

To evaluate the simulation results, the following assessment 

criteria were also calculated [20]. 

The realised self-consumption rate (Rsc), which is defined 

by the ratio between the PV energy, which is, used directly 

Ehload_sc (self-consumption) or used for charging the battery 

EEES_ch and the overall produced PV energy: 

 

Rsc= (Eh_load_sc + EEES_ch )/ 𝜮 EPV                                (14) 

The degree of self-sufficiency (Dss) describes the share of 

the load consumption that is supplied by the PV battery 

system, it is calculated by the ratio between the directly used 

PV energy Eh_load-sc , the energy discharged from the battery 

EEES-dis and the load demand Eh-load .  

 

Dss= (Eh_load-sc + EEES-dis  )/ Eh-load          (15) 

4. DESCRIPTION OF SIMULATION SCENARIOS 

The baseline scenario is a PV-household with a lithium-

based battery system with a capacity of 6.4 kWh. The 

specifications of the PV–EES system are shown in Table 1.  

 

Table 1. Specifications of the PV–EES system 

ITEM VALUE 

Power, continuous and peak 3.3 kW 

Energy 6.4 kWh 

Internal Battery Voltage < 50 VDC 

System Operating Voltage 350 V—450 V 

Voltage in OFF State 0 VDC 

Current 9.5 ADC 

Round Trip Efficiency 

(Beginning of Life) 

92.5 % (for a 400V-450V DC 

bus) 

Depth of Discharge 100% 

Residential PV battery systems can be discriminated in the 

connection of the battery between DC and AC coupled 

systems [20]. In this study, a DC coupled residential PV 

battery systems has been investigated (Fig. 4) 

 

Figure 4. Configuration of the PV battery systems 

As regard the electric consumption, three annual values 

have been chosen (3,000, 4,000 e 5,000 kWh/year), which 

replicate the most diffused percentages of household 

consumption in Italy [4] have been examined.  

However, the annual electricity consumption can be also 

obtained through building numerical simulation [21].  

This battery size the storage allows to achieve about 245 

equivalent full cycles (EFC) in one year summing up about 

3650 EFC over the depreciation period of 15 years. 
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The operation strategy used in this study estimates a 

maximum possible self-consumption: the energy storage will 

store all power produced by the PV system, which exceeds 

consumption. As such, a larger battery capacity leads to higher 

rate of self-consumption. 

The EES is charged via the control unit (PCU) from either 

the grid or the PV, as well as the electricity demand can be 

supplied either by the grid or by the PCU. 

The state of charge of the battery is restricted to a range 

between 10% and 90% of the nominal battery capacity. 

Therefore, only a share of 80% of the installed battery 

capacity is usable. The losses of the battery inverter are 

considered with a constant efficiency factor of 95%. This 

implies that the power dependent losses of the battery 

converter are not taken into account. 

 

4.1 Specifications of PV plant 

The peak power of the photovoltaic plant ranges between 

2.4, 3.1 and 3.8 kWp. The different scenarios which arise are 

characterized by ratios between electric generation and electric 

consumption between 1.0 to 2.0. The nominal characteristics 

of the PV modules are reported in table 2. 

Table 2. Nominal characteristics of the PV modules  

ITEM VALUE 

PSTC [W] 240 W 

APV [m2] 1.46 

ηSTC [%] 16.28 

TNOCT 43.6°C 

μ [%/◦C] -0.42 

 

The PV modules have a southward orientation and a tilt of 

18°, which corresponds to the most diffuse inclination of the 

tilted roofs in the south of Italy [22, 23]. Fifteen minutes’ solar 

irradiation data for Catania (37°lat, 15°long), Italy, was 

obtained from the database PV-GIS (Photovoltaic 

Geographical Information System) [24].  

In figure 5, the monthly horizontal and the tilted irradiation 

(β =18°C) are depicted 

Figures 6 and 7 show the fifteen minutes’ variation of the 

PV energy generation (EPV), the electric building load (Eh-

load), the battery energy stored (EEES) as well as the imported, 

and or the exported energy by the grid, for the 3.1 kWp PV 

plant, 3,000 kWh of house load consumption respectively in 

December and June. 

 

 

Figure 5. Horizontal and tilted solar irradiation 

Starting from these data the energies generated, for each of 

the three sizes of photovoltaic plants investigated, have been 

calculated with a time step of 15 min, through the previous 

equations (1, 2 and 3).  

 

 

Figure 6. Energy daily variation (December)  

 
 

Figure 7. Daily Energy balance(June) 

 

It becomes evident that without the energy storage system 

is limited to the intersection between the EPV and the Eh_load 

curves. Otherwise the EES allows a huge reduction of the 

energy exchange with the grid. In the previous examples a 

deficit occurs in December and a surplus in June. 

5. RESULTS AND DISCUSSION 

5.1 System energy balance 

In this study, the electric building load has been considered 

constant during all the year, therefore the differences in 

consumption during winter and summer season have been 

neglected.  

However, the variation during the year of the amount of 

energy self-consumed (Eh_load-sc) has been taken in account in 

function of the different extension of the period of irradiation. 

Figure 8 shows the monthly variation of the PV energy 

generation (EPV), the self-consumed electric building load (Eh-

load-sc), the battery energy stored (EEES_ch) as well as the 

imported, and or the exported energy by the grid, for 3,000 

S45



 

kWh of house load consumption and the 3.1 kWp size of PV 

plant.  

 

 
 

Figure 8. Monthly energy balance  

 

It is evident that this combination between PV energy 

generation, house consumptions and battery size allows to 

almost zero the energy imported by the grid. 

Moreover, figures 9, 10 and 11 summarize the annual 

energy balance for the different combinations of PV energy 

generation, house consumptions and battery size. 

 

Figure 9. Yearly energy balance (P= 2.4 kWp) 

 
 

Figure 10. Yearly energy balance (P= 3.1 kWp) 

 

The analysis of the developed simulations allows to observe 

that all the examined configurations needs to import energy 

from the grid, ranging by 43.40 kWh to 1,754.27 kWh.  

The amount energy self-consumed (Ehl-sc) is quite 

independent by the PV plant size and increase with the growth 

of the building energy consumptions. The energy stored in the 

EES (EES_ch) is slightly affected by of both the PV plant size 

and the building energy consumptions.  

The previous results are not confirmed in the scenarios with 

the highest energy requests (5,000 kWh) and the lowest size of 

the PV plant (2.4 and 3.1 kWp), which are certainly under 

dimensioned in such cases.  

 

Figure 11. Yearly energy balance (P= 3.8 kWp) 

As consequence, the energy exchanged with the grid, 

imported and exported is highly variable in function of the PV 

plant size and the amount of the energy consumption.  

The energy exchange is almost balanced in the 

configurations 2.4/ 3,000 and 3.8/ 5,000 kWp/kWh, with a 

difference less than 410 kWh.  

Otherwise, the minimum energy exchange with the grid is 

achieved in the configuration 2.4/ 3,000 kWp/kWh. 

Finally, the two parameters self-consumption rate (Rsc) and 

the degree of self-sufficiency (Dss) has been calculated.  

Figure 12 depicts the variations of the previously introduced 

assessment criteria’s in function of both the PV plant sizes and 

the yearly energy consumptions. 

 

Figure 12. Assessment criteria Dss and Rsc  

As regard the self-consumption ratio (Rsc), it grows in 

harmony with the increase of the energy needs and assumes 

the highest value (91.5%) when the size of the PV plant is 

lowest. Otherwise, the degree of self-sufficiency (Dss) shows 

an inverse behavior, it grows with the decrease of the energy 

needs and assumes the highest value (98.5%) when the size of 

the PV plant is the highest. 

The self-consumption ratio of the PV plants not associated 

with an EES system, under the selfsame combinations 

examined, shows the same behavior of the PV-EEs system. 

 Indeed, it grows in harmony with the increase of the energy 

needs and assumes the highest value (52.7%) when the size of 

the PV plant is lowest. As regard the degree of self-sufficiency 
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it shows a constant value of (Dss = 41.7%). 

It is evident that a combined PV-EES system increases 

significantly the self-sufficiency of the household PV plant. 

However, this analysis does not take in account of the amount 

of the energy exchange with the grid.  

This aspect is of fundamental prominence for evaluating the 

economic viability of the combined PV-EES system.  

It becomes evident that the economic viability of such 

systems is highly dependent by the different prices between 

the energy imported or exported by the grid, as well as by the 

prices of the EES systems.  

Thereby, a future development of this study will consist in 

the examination of the economic feasibility of the combined 

PV-EEs system.  

 

 

6. CONCLUSIONS 

The results reported in this paper suggest that the adoption 

of an energy electric storage system in PV plant is undoubtedly 

a suitable strategy to significantly increase the self-sufficiency 

of the household PV plant.  

In any case, the results presented in this study are limited to 

the chosen size of the EES, which ranges from 1.5 to 2.0 times 

the annual electric consumption, as well as the ratios electric 

generation and electric consumption which ranges by 1.0 to 

2.0. However, the field of investigation is reasonably wide for 

providing useful information for the most diffused size of 

residential PV plants. 

As regard the rate of self-consumption and the degree of 

self-sufficiency (Dss) the combined PV – EES systems allow 

reaching value higher than 90%. 

That are of about two times the target obtainable by PV 

plant without EES system, under the selfsame combinations 

examined. 

However, the analysis proposed in this study does not 

investigated the economic aspect related with the installation 

of these systems. Economic feasibility that is highly dependent 

by the different prices between the energy imported or 

exported by the grid, as well as by the prices of the EES 

systems.  

Future development of this study will consist in the analysis 

of the financial feasibility of the combined PV-EEs system. 
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NOMENCLATURE 

 

A net surface area, (m-2) 

DOD Depth of Discharge (%) 

E Energy (kWh) 

G Solar Irradiation, (kWh/⋅m-2) 

Dss degree of self-sufficiency (-) 

P power, W 

Rsc realised self-consumption rate (-), 

SOC State of Charge; (%) 

t time lapse, h 

T Temperature (◦C) 

 

Greek symbols 

 

 

α Solar absorptance (−) 

β Tilt angle (degree) 

η  efficiency, - 

μ Temperature coefficient (%/◦C) 

τ time (hour) 

τv Solar transmittance (−) 

 

Subscripts 

 

 

ch charged 

ds discarged 

EES electricity energy storage 

grid-exp exported to the grid 

grid-imp Imported by the grid 

h-load house electric load 

inv Inverter 

m Mismatch  

NOCT Nominal operating cell temperature 

PV photovoltaic 

sc Self-consumption 

STC Standard test conditions 
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