
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Techno-Economic Analysis of Stand-alone 

Solar PV and Battery based Micro-grids in 

Karnataka 

 

 

 

 

 

 

 

 

Vaishalee Dash 

Badri S. Rao 

Harshid Sridhar 

Dr Mridula D. Bharadwaj 

 

Center for Study of Science, Technology and Policy 

June, 2018 



Center for Study of Science, Technology and Policy (CSTEP) is a private, not-for-profit (Section 25) 

Research Corporation registered in 2005.  

 

 

 

 

 

 

 

 

 

Designing and Editing by CSTEP  

Disclaimer  

While every effort has been made for the correctness of data/information used in this report, neither 

the authors nor CSTEP accept any legal liability for the accuracy or inferences for the material 

contained in this report and for any consequences arising from the use of this material.  

© 2018 Center for Study of Science, Technology and Policy (CSTEP)  

This report is a part of the Indo-US collaborative research platform – Solar Energy Research Institute 

for India and the United States (SERIIUS). No part of this report may be disseminated or reproduced in 

any form (electronic or print) without permission from CSTEP or SERIIUS consortium. 

 

This report should be cited as: CSTEP, (2018). Techno-Economic Analysis of Stand-alone Solar PV and 

Battery based Micro-grids in Karnataka, (CSTEP-Report-2018-09). 

 

June, 2018 

Center for Study of Science, Technology and Policy  

# 18, 10th Cross, Mayura Street,  

Papanna Layout, Nagashettyhalli, RMV II Stage,  

Bangalore-560094 Karnataka, INDIA  

Tel.: +91 (80) 6690-2500  

Fax: +91 (80) 2351-4269 

Email: cpe@cstep.in 

Website: www.cstep.in







Executive Summary  

Access to electricity can bring about a transformative change in the economic conditions and 

growth of any country. It not only helps in improving the living conditions of the society at 

large, but also provides them with ample revenue opportunities to earn a livelihood. In India, 

the lack of electricity supply has affected the rural regions in many ways, including quality of 

life, agriculture and economic growth. Currently, close to three crore households are still 

awaiting access to electricity. 

Decentralised solar energy solutions like solar lanterns, solar home lighting systems, rooftop 

Photovoltaic (PV) systems, and solar micro-grids and mini-grids have been in use for quite 

some time. In this study, for select sites considered in Karnataka, we analysed the feasibility 

of Solar PV Micro Grids (SPVMGs), considering its potential as a promising solution for 

electrifying rural homes and villages. SPVMGs can easily facilitate local generation and 

distribution of power, without relying on the central power grid.  

We conducted a detailed techno-economic analysis of a SPVMG. Broadly, the analysis revealed 

that the cost of generating and supplying power from a SPVMG, for the sites considered in 

Karnataka, is in the range of INR 31–34/kWh, which is much higher than the retail electricity 

rates in India. This suggests that SPVMGs can be an ideal solution when the cost of electricity 

supply through grid extension exceeds the cost of electricity from SPVMGs. We also observed 

that trading off between cost and reliability of supply is essential in stand-alone (off-grid) 

SPVMGs. Restricting the battery discharge to 12 hours (between 6 PM to 6 AM) provides 

reasonably good reliability at slightly lower Levelised Cost of Electricity (LCOE), as compared 

to allowing 24×7 discharge of battery. 

Key aspects of the study included simulating the generation characteristics of a SPVMG; 

calculating the battery life based on different dispatch strategies; and conducting a scenario 

analysis to help find a suitable or close-to-optimal system configuration. A financial model, 

developed for SPVMG analysis, was used to evaluate the economic feasibility of technically 

appropriate system sizes.  

We carried out a system sizing study to determine the appropriate size of a SPVMG by trading 

off between cost and reliability of supply. We analysed different scenarios by simulating a 

dispatch logic, which varied the maximum hours of battery discharge from 6 and 12 hours to 

24 hours. In a scenario where a battery discharges for 12 hours (between 6 PM to 6 AM), the 

system reliability is reasonably good (approximately 21 hours of supply) and the LCOE is 

comparable to those in the other two scenarios, i.e., 6 and 24 hours of battery discharge. The 

12 hour battery discharge scenario provides a good trade-off between cost and reliability, 

hence we call it the “balanced” scenario, in this report. We performed sensitivity analyses for 

the system size obtained in the “balanced” scenario to further understand the scope of cost 

reduction.  

The approach used in this study enables one to achieve a trade-off between cost and reliability 

for a SPVMG. It also reveals the importance of the dispatch strategy for optimising battery 

operation and its size, by ensuring that the battery is neither oversized for high system 

reliability, nor undersized to reduce system cost. Moreover, the study highlighted the 

significance of performing minute-wise simulations for a detailed understanding of system 

operation. 
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1. Introduction 

Electrical energy can transform and uplift the socio-economic condition of a region—this is a 

well-established fact (Jain et al., 2015). By November 2017, India’s Grameen Vidyutikaran 

(GARV) dashboard indicated that 82% of the targeted village electrification work had been 

achieved (Rural Electrification Corporation, 2017). In April 2018, the Government of India 

released a statement to announce that 100 % electrification had been achieved for India. 

However, this translates to about 3.1 crore households still waiting for electricity connections, 

indicating a long road ahead for the country in achieving 100% electrification1. A large section 

of the population continues to live in areas that receive deficient supply—no more than an 

average of 6 hours a day (Jain et al., 2015).  

Rural electrification in India has been a subject of debate for many years. This has also been 

an area of keen interest for every elected government. Both the central and state governments 

have launched numerous programmes and schemes to promote and support the cause. One of 

the largest rural electrification programmes launched by the Centre was the Rajiv Gandhi 

Grameen Vidyutikaran Yojana (RGGVY) in 2005. The recent Deen Dayal Upadhyay Gram Jyoti 

Yojana (DDUGJY), launched in 2015, subsumed RGGVY. Various government bodies have 

heavily subsidised the cost of rural electrification in the past. Under DDUGJY, the Ministry of 

Power (MoP) provides a maximum of 75% grant for projects in general states and up to 90% 

funding for special states (all North-eastern states, including Sikkim, Jammu &Kashmir, 

Himachal Pradesh and Uttarakhand).  

The progress made so far is reasonable considering some of the challenges associated with the 

sector. People’s inability to pay for electricity has historically been one of the main reasons for 

lack of power supply in villages. In order to reduce retail electricity rates for villages, the 

government cross-subsidises the cost with bulk urban consumers. Another challenge to rural 

electrification is that Distribution Companies (DISCOMs) find it expensive to extend and 

maintain grid infrastructure in remote rural areas. The high Aggregate Technical and 

Commercial (AT&C) losses and resultant poor financial state of the DISCOMs also deter rural 

electrification.  

However, with millions of people still living in darkness and extreme poverty, access to 

electricity would be a massive enabler in improving their quality of life; solutions to make this 

possible must be explored. While India has witnessed a dramatic reduction in bid prices for 

large-scale Photovoltaic (PV) projects2, primarily due to the low cost of PV modules, very little 

has been done to utilise this opportunity to promote solar PV for rural electrification. The 

higher cost of transporting equipment to remote regions; the cost of building distribution 

infrastructure; and a lack of focus on promoting such off-grid and decentralised solar 

technologies under the National Solar Mission have caused this sector to underperform, as 

compared to utility scale solar. 

Off-grid solar technologies have their own advantages. Such solutions allow local generation 

and consumption of power, thereby reducing transmission losses, in remote regions. One such 

example is the Solar PV Micro Grid (SPVMG), which comprises PV modules and a battery-

                                                             
1 https://thewire.in/government/narendra-modi-government-rural-electrification-power 
2  http://www.livemint.com/Industry/zW5Lf1okn054cFug5yKGsL/Madhya-Pradesh-solar-bids-hovering-at-Rs3-
per-unit-in-revers.html 

https://thewire.in/government/narendra-modi-government-rural-electrification-power
http://www.livemint.com/Industry/zW5Lf1okn054cFug5yKGsL/Madhya-Pradesh-solar-bids-hovering-at-Rs3-per-unit-in-revers.html
http://www.livemint.com/Industry/zW5Lf1okn054cFug5yKGsL/Madhya-Pradesh-solar-bids-hovering-at-Rs3-per-unit-in-revers.html
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backed system. It can be a potential solution for powering rural communities and eliminating 

the need for extending the grid to remote, far-flung areas.  

Till date, the private sector has majorly contributed in deploying off-grid solar installations in 

India. Most projects were initiated through Corporate Social Responsibility (CSR) grants, 

individual equity contributions, foreign grants or government subsidies. These private 

Renewable Energy Supply Providers (RESPs) execute end-to-end micro-grid projects, 

including laying out the Public Distribution Network (PDN) and connecting all households. A 

suitable tariff, based on the project cost, is collected from the village every month. The tariff 

for such a SPVMG is typically high as compared to utility electricity rates, but prevents these 

rural households from the inconvenience and cost of using kerosene or diesel for lighting and 

other uses. However, this sector is largely unregulated and there is no overarching policy to 

provide direction, till date3. RESPs today, primarily supply lighting loads, and some of them 

also connect pumps for irrigation or drinking water supply. However, the supply is largely 

restricted, using load limiters, as it becomes difficult to manage sudden demand surges from 

the consumer’s end, especially in an off-grid set-up.  

The objective of this study was to carry out a techno-economic feasibility analysis for SPVMGs 

in the rural areas of Karnataka (KA). For this, it was important to understand the system size 

requirements and cost for a SPVMG. We carried out the sizing analysis considering actual site 

load demand profiles, using data from electricity feeders in rural KA. We considered 

polycrystalline PV and Valve-Regulated Lead-Acid (VRLA) battery technology in the study. In 

the analysis, we modelled PV and battery performance and estimated battery life using a cycle-

counting algorithm, instead of relying on manufacturer-specified battery life. We used this to 

calculate the battery replacement costs more realistically in our financial calculations. We 

performed a techno-economic analysis by considering three different scenarios. This helped 

us in successfully identifying a “balanced” scenario, which provides a system with a reasonable 

LCOE and fairly good system reliability as compared to the other two scenarios. In Sections 2–

5 of the report, we discuss, the system configuration, methodology, modelling approach, 

results and conclusions of the study. 

1.1  System Configuration 

The system configuration for the analysis (Figure 1) considers solar PV as the main source of 

power for the load demand. The PV power is prioritised to supply the load first, before 

charging the battery during excess generation. During periods of no solar generation or high 

demand, the battery discharges to meet the load. 

                                                             
3 A draft policy for mini-grids was released in 2016, but has not reached the final stage of approval 



Techno-Economic Analysis of Stand-alone Solar PV and Battery based Micro-grids in Karnataka       

 
© CSTEP                                                 www.cstep.in 3 

 

Figure 1: Block schematic of the SPVMG system configuration 

The solar PV system, along with a battery, is connected to the Direct Current (DC) side of the 

inverter. A Maximum Power Point Tracking (MPPT) charge controller charges the battery and 

ensures that the battery charging power and bus voltage are within specified limits. The 

inverter converts DC solar power into Alternating Current (AC), to supply the load directly. 

Similarly, the battery power, during discharge, is routed through the inverter for AC 

conversion. A few manufacturers embed the MPPT feature in the inverter. Although we have 

considered both DC/DC and DC/AC conversion efficiencies for conservative power 

calculations, we have only assumed a single cost for the charge controller and inverter set in 

the financial calculations.  

 

2. Methodology for Techno-Economic Analysis of SPVMG 

In this section, we briefly discuss the methodology used for carrying out a detailed techno-

economic analysis of a SPVMG. It includes an overview of the methodology; and a description 

of the pre-requisites for the techno-economic analysis such as site selection and inputs 

required for the analysis. In the next section, we elaborate on the system modelling approach. 

2.1  Overview of Methodology 

The framework developed for this study identified the appropriate system size. It constituted 

a set of inputs, dispatch model and outputs in the form of reliability indicators. In order to 

calculate the PV size (𝑃𝑉𝑠) and battery size (𝐵𝐴𝑇𝑠) for the various dispatch scenarios, we used 

different combinations of PV and battery capacities, in an iterative manner, as inputs to the PV 

and battery models. The PV and battery power outputs were subsequently passed to the 

dispatch model. The dispatch model then calculated reliability indicators such as unmet load 

(𝑈𝐿), excess electricity (𝐸𝑋𝐸𝐿) and loss of power supply probability (𝑇𝐿𝑃𝑆𝑃). The load demand 

profile remained the same for all the simulated scenarios. Figure 2 presents a block schematic 

of the interaction between system inputs and reliability indices for a typical SPVMG dispatch 

scenario. 
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Figure 2: Block schematic for SPVMG design and simulation 

For each combination of PV and battery, the system LCOE along with reliability parameters 

were recorded. Finally, we sorted the systems based on the lowest LCOE and unmet load (high 

reliability). Various dispatch scenarios were tested and a “balanced” system, in terms of both 

cost and reliability, was chosen as the final system configuration. 

2.2  Site Selection 

We selected sites for the study based on the criteria mentioned below: 

 The villages or sites should be un-electrified 

 They should have close proximity to Solar Radiation Resource Assessment (SRRA) 

ground stations, deployed by the National Institute of Wind Energy (NIWE)  

 Real load data from neighbouring sites should be available.  

Since a SPVMG is well-suited for un-electrified sites, an important pre-requisite for the study 

was to identify un-electrified villages in KA. We used information available on the GARV 

dashboard for initially screening potential sites. The dashboard provides details of 

electrification based on grid extension or off-grid plans. According to the data available on the 

dashboard in May 2016, 28–30 villages in Hassan, Shimoga and Chamarajanagar districts fell 

within the scope of this project. Since the study involved modelling of solar PV characteristics 

to estimate generation, access to good-quality ground solar data was important. Thus, we had 

to consider a site’s proximity to SRRA stations set up by NIWE. Sites that were less than 100 

km from the periphery of SRRA stations, were first selected. As it turned out, all shortlisted 

sites satisfying the criteria were in the Chamarajanagar district. Table 1 shows a list of all the 

shortlisted sites. 

Table 1: Initial list of shortlisted villages 

District Block Village SRRA Station 

Chamarajanagar 

Chamarajanagar Bedaguli Erode 

Kollegal Bellaji Beat Mysore 

Kollegal Indiganatha A Beat Erode 

Kollegal Indiganatha B Beat Erode 

Kollegal Palar Beat Erode 
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The load demand data is another important input for the model and crucial for site selection. 

We required load data to perform system sizing and determine the capacity of the potential 

PV plant, battery and inverter. For un-electrified villages, the demand data are typically 

generated based on the energy needs of the village. A field survey is conducted by the project 

developer, at times, to estimate the current and future need for electricity. However, in this 

study, our aim was to determine the SPVMG size, considering a demand pattern similar to or 

closely resembling an actual rural demand pattern. The reason behind this was to understand 

the system capacity requirements for catering to the real rural demand, similar to what the 

proposed site would see in the future. This is contrary to the approach followed by most micro-

grid developers today, where the system is typically designed to provide a pre-decided 

quantum of energy, with limited consideration for future growth in load demand.  

We approached the Energy Department of the Government of Karnataka for consultation 

regarding demand data. Based on our discussions, we considered the demand data from the 

11 kV feeders close to the shortlisted sites as input for the sizing analysis. The 11 kV feeder 

data represented the aggregated load demand for a cluster of villages. This data-set from the 

neighbouring electrified villages provided a realistic estimate of the pattern of electricity 

consumption in that region, hence we used it in the study. We obtained minute resolution data 

from select feeders through a formal request to the Karnataka State Load Despatch Centre 

(SLDC). The SLDC data included active power consumption data at a minute-level time scale 

for the period January–December, 2015, for the two feeders closest to the chosen villages. 

Feeder F2 was the representative feeder for Bedaguli. The other feeder (F6), between Cowdalli 

substation and Male Mahadeswara hills, was representative for the remaining villages, namely 

Bellaji Beat, Indiganatha A Beat, Indiganatha B Beat and Palar Beat. 

A visual inspection of the data revealed that for the period under consideration (January–

December, 2015), the quality of data for feeder F6 was comparatively superior to that of feeder 

F2. Thus, we found the villages in the Kollegal block of Chamarajanagar district (represented 

by feeder F6), i.e., Bellaji Beat, Indiganatha A Beat, Indiganatha B Beat and Palar Beat, to be 

suitable. However, we finally selected all villages except Bellaji Beat for the study because the 

solar resource data for these three sites could be mapped from a single SRRA station (Erode), 

which is located at a distance of approximately 90 km from the sites.  

2.3  Inputs for the Analysis 

Two crucial inputs, namely load demand data and solar irradiance and weather data, were 

needed for conducting the analysis. While the first one was needed to help design the SPVMG 

and determine individual component sizes, the second one was needed to model the solar PV 

power output.   

2.3.1 Load demand data 

We found the demand data from feeder F6 to be the most suitable for the study, as explained 

in Section 2.2. This data-set had 83,321 zero-value points, out of the total 5,25,600 values, 

representing minute-level resolution data for one year. These points indicated missing data, 

and those corresponding to load shedding instants. In order to perform a thorough system 

sizing study, we needed a continuous demand profile. We used a data averaging technique to 

obtain a continuous demand profile, capturing fluctuations in power, without disturbing the 

data trends. In addition, we used a scaling approach to determine a representative load profile 

for the analysis. The scaled-down profile had a peak demand of 14 kW, which is similar to the 
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peak electricity demand seen in typical Indian villages, comprising around 120–130 

households. The details of the calculation are described in Appendix A.1. 

2.3.2 Solar radiation data  

The solar radiation data, procured from NIWE, had close to 42,928 missing data points, out of 

a total 5,25,600 points, depicting an entire year’s data. We interpolated these data points 

linearly to form a continuous solar resource profile. This was crucial for performing the sizing 

analysis, where solar generation and demand had to be compared, to determine the 

contribution of PV and battery in meeting the demand. We identified the data points, which 

formed the boundary of the bad data subsets, and linearly interpolated them using the two 

point line equation.  

If “t” is the reference minute of a day (1 to 1,440), then “PM (t)” is the corresponding module 

power output for that instant. We used the equation mentioned below to interpolate between 

(t1, PM1) and (t2, PM2), as the two boundary points of interest:  

𝑃𝑀(𝑡) = 𝑡 ∗  [
𝑃𝑀2 − 𝑃𝑀1

𝑡2 − 𝑡1

]  − 𝑡1 ∗ [
𝑃𝑀2 − 𝑃𝑀1

𝑡2 − 𝑡1

] + 𝑃𝑀1 

 

3. Modelling of SPVMG 

In order to perform a techno-economic modelling of a SPVMG, it was crucial to model the 

power generation characteristics of the solar PV and battery to determine the power output 

of the combined system. Once the technical model was built to simulate the generation 

characteristics, we also prepared a financial model for the micro-grid. Outputs from individual 

models, when combined, provided insights on the system viability.  

3.1  Solar PV Modelling 

The PV modelling exercise helped to determine the exact quantum of power generated for an 

input PV size, based on the site solar resource data. As mentioned in Section 2.2, we mapped 

the selected villages to a single SRRA station, i.e., Erode in Tamil Nadu. We procured the solar 

resource data (1 minute resolution) for Erode from NIWE. Table 2 describes the details of the 

SRRA station and the data availability period (National Institute of Wind Energy, 2017). 

Table 2: SRRA station and solar data specifications  

SRRA and Solar Data Details 

Location Erode 

Latitude [ºN] 11.27 

Longitude [ºE] 77.6 

Altitude [m] 272 

Period From 01-11-14, 0:01 

Period To 01-11-15, 0:00 

First, we modelled the PV generation profile for 1 kWp capacity, using a 320 Wp 

polycrystalline module from Vikram Solar as reference, to extract the module parameters (for 

more details, refer Appendix A.2). We then scaled up this base profile of 1 kW to calculate 
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generation for higher PV capacities. The generation profile from the PV model refers to the 

Direct Current (DC) output power of the solar PV.  

The list below describes the assumptions used in PV modelling: 

 The plant has a fixed tilt configuration, with module tilt equal to the latitude of the 

location and orientation facing due south. 

 The PV modules operate at maximum power point during sunshine hours, with no 

shading considerations. 

 An isotropic solar radiation model is considered. 

 Additional system losses, which have been indicated in Table 3. 

Table 3: System losses considered in solar PV output power modelling 

Type of Loss Value (in %) 

Soiling loss 1 

Mismatch loss 2 

Conductor loss 5 

Transformer loss 2 

Net loss (𝑁𝐿) 10 

Solar radiation consists of three components, Global Horizontal Irradiance (GHI), Direct 

Normal Irradiance (DNI) and Direct Horizontal Irradiance (DHI). The net effective radiation on 

a tilted solar module is required to calculate the power generated by the PV system, at a site. 

For this, we first estimated the solar angles and radiation tilt factors (Duffie & Beckman, 2013). 

The ground-reflected component of radiation is a function of the GHI and albedo factor (ρ) of 

the surroundings (assumed as 0.2 in this analysis). The effective radiation on the tiled panel 

can be expressed as:  

𝐺𝑇 = 𝐷𝑁𝐼 ∗ 𝑅𝑏 + 𝐷𝐻𝐼 ∗ 𝑅𝑑 + 𝐺𝐻𝐼 ∗ 𝜌 ∗ 𝑅𝑔 

Where, 

GT is the net effective solar radiation, incident on a tilted panel (W/m2), 

Rb is the module tilt factor for the beam component (DNI) of solar radiation, 

Rd is the module tilt factor for the diffused component (DHI) of solar radiation, 

Rg is the module tilt factor for the GHI of solar radiation, 

ρ is the albedo factor of the surrounding environment. 

The performance of solar PV cells is sensitive to not only the incident solar radiation, but also 

the ambient temperature. On the other hand, the temperature of a solar cell (𝑇𝑐𝑒𝑙𝑙) is 

dependent on, both, the ambient temperature and wind speeds, at a site. For this analysis, we 

considered a multi-crystalline silicon module (glass/cell/polymer sheet type) and a module 

mount of open rack configuration. We estimated the cell temperatures based on the 

specifications obtained from a referred report (King, Boyson, & Kratochvil, 2004). It can be 

expressed as: 

𝑇𝑐𝑒𝑙𝑙 = 𝐺𝑇 ∗ exp(𝑎𝐶𝑇 + 𝑏𝐶𝑇 ∗ 𝑊𝑆) + 𝑇𝑎𝑚𝑏 +  (∆𝑇) ∗ 𝐺𝑇 𝐺𝑟𝑒𝑓⁄  
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Where, 

aCT is the empirically determined coefficient establishing the upper limit for module 

temperature at low wind speeds and high effective radiation on the panel, 

bCT is the empirically determined coefficient establishing the rate at which the module 

temperature drops with an increase in the wind speed,  

Tamb is the ambient air temperature (°C), 

WS is the wind speed (m/s), 

ΔT is the empirically determined temperature difference between the cell and module’s back 

surface, at Gref = 1,000 W/m2 (°C), 

Tcell is the reference temperature (°C), 

Gref is the reference solar radiation [1,000 W/m2 at Standard Temperature Conditions (STC)] 

(W/m2). 

The power generated by a solar PV module (𝑃𝑀) is computed by accounting for the effects of 

GT, Tcell, the specified power rating of the module [Pmodule (STC)] and the temperature coefficient 

of power (KT), for a given module, as specified in the manufacturer’s datasheet. The equation 

for calculating 𝑃𝑀 has been specified in a referred report (Menicucci & Fernandez, 1988) and 

represented as: 

𝑃𝑀 = 𝑃𝑚𝑜𝑑𝑢𝑙𝑒 (𝑆𝑇𝐶) ∗  (𝐺𝑇 𝐺𝑟𝑒𝑓⁄ ) ∗  (1 + 𝐾𝑇 ∗ (𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑓)) 

The power from one module (𝑃𝑀) is then multiplied with the total number of modules in the 

plant (Npanels_plant) to estimate the DC output of the entire PV plant, denoted as 𝑃𝑝𝑣 . A few 

additional losses, denoted as (𝑁𝐿), have also been accounted for, as shown in the following 

equation: 

𝑃𝑝𝑣 = 𝑁𝑝𝑎𝑛𝑒𝑙𝑠_𝑝𝑙𝑎𝑛𝑡 ∗ 𝑃𝑀 ∗ (1 − 𝑁𝐿) 

3.2  Battery Storage Modelling 

This section provides an overview of the performance modelling conducted for a lead-acid 

battery and its dispatch. This exercise helped us assess the battery charging/discharging 

power, for an instant, based on the modelled PV generation and input load demand data. 

3.2.1 Overview of lead-acid battery model 

The technical model of VRLA Absorbent Glass Mat (AGM) battery, used in this study, is based 

on the modelling work done by the System Advisor Model (SAM) of the National Renewable 

Energy Laboratory (NREL) (Diorio et al., 2015). We incorporated the concepts of a kinetic 

battery model to calculate the battery capacity, bound charge, available charge and State of 

Charge (SoC), for time-series calculations (Manwell & McGowan, 1993). The dynamic voltage 

model for batteries was used for voltage calculations (Diorio et al., 2015). The life-time 

estimation of a battery has been calculated based on a simple rain flow counting algorithm 

(Downing & Socie, 1982; Langella, Testa, & Ventre, 2014).  

Figure 3 shows a block schematic overview of the battery model. The model provided outputs 

at, both, hourly and minute level time scales. The battery electrical model required inputs such 

as site demand and solar generation data, and user-defined battery capacity and voltage. In 
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addition, it also required battery-chemistry-specific voltage versus Depth of Discharge (DoD) 

characteristics, to model the battery voltage. The battery capacity fade profile was also 

included in the model to understand the decrease in a battery’s capacity when it is cycled at a 

certain DoD, and the maximum number of cycles that the battery can provide. The model 

provided outputs like the number of batteries that should be connected in series and parallel, 

based on the voltage and current requirement, and the dynamic change in battery current, 

voltage, power and SoC for the time period considered. In addition, we determined the battery 

life, in years, based on the cycling that the battery would undergo during dispatch. We plugged 

this calculated value into the financial model.  

 

Figure 3: Block schematic for the lead-acid battery model 

Inputs for the battery model 

Table 4 is a list of the technical specifications considered for the battery model. This includes 

important parameters like battery bank capacity and battery bank voltage, based on user 

input; battery cell properties; charge control parameters; and cell capacities at 1 hour, 10 hour 

and 20 hour rates. We have also included the conversion efficiencies of the inverter (DC to AC) 

and charge controller (DC to DC) in this Table, since they are intrinsic in the calculation for 

obtaining the accurate estimation of battery charging/discharging power.  

Table 4: Inputs for the battery performance model 

Parameter Notation Unit Values 

User-defined battery bank capacity 𝐵𝐴𝑇𝑠 kWh Input varied between 50 and 400 

User-defined battery bank voltage 𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑 V 48 
Cell nominal voltage 𝑉𝑐 V 2.0 
Internal resistance 𝑅 Ω 0.1 

C-rate of discharge curve 𝐶𝑑 1/h 0.05 

Fully charged cell voltage 𝑉𝑓𝑢𝑙𝑙 V 2.2 

Exponential zone cell voltage 𝑉𝑒𝑥𝑝 V 2.06 

Nominal zone cell voltage 𝑉𝑛𝑜𝑚 V 2.03 

Charge removed at exponential point 𝑞𝑒𝑥𝑝 % 0.25 

Charge removed at nominal point 𝑞𝑛𝑜𝑚 % 90.0 

Cell capacity 𝑞𝑐 Ah 20 

Maximum C-rate of charge 𝐶𝑐,𝑚𝑎𝑥 1/h 1.0 
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Maximum C-rate of discharge 𝐶𝑑,𝑚𝑎𝑥 1/h 1.0 

Minimum state of charge 𝑆𝑂𝐶𝑚𝑖𝑛 % 30 

Maximum state of charge 𝑆𝑂𝐶𝑚𝑎𝑥 % 95 

DC to AC conversion efficiency 𝜂𝑑𝑐𝑎𝑐 % 95 

DC to DC conversion efficiency 𝜂𝑑𝑐𝑑𝑐 % 95 

Ambient temperature 𝑇𝑎 °C 20 

Capacity at 1 hour rate 𝑞𝑡=1 Ah 11.62 

Capacity at 10 hour rate 𝑞𝑡=10 Ah 18.7 

Capacity at 20 hour rate 𝑞𝑡=20 Ah 20.0 

Time step ∆𝑡 h 1.0 

 

3.2.2 Design of the battery bank 

In this section, we have discussed, in detail, the equations used to design the battery bank 

configuration for the parameters specified in Table 4 (NREL, 2017). 

Number of cells in series (𝑁𝑠𝑒𝑟𝑖𝑒𝑠),  

𝑁𝑠𝑒𝑟𝑖𝑒𝑠 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (
𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝑉𝑐
) 

Capacity of one string (𝑞1−𝑠𝑡𝑟𝑖𝑛𝑔) in kWh,  

𝑞1−𝑠𝑡𝑟𝑖𝑛𝑔 =
𝑁𝑠𝑒𝑟𝑖𝑒𝑠 × 𝑉𝑐 × 𝑞𝑐

1,000
 

Number of strings in parallel (𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙),  

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐼𝑛𝑡𝑒𝑔𝑒𝑟 (
𝐵𝐴𝑇𝑠

𝑞1−𝑠𝑡𝑟𝑖𝑛𝑔
) 

Actual bank capacity (𝑞𝑎𝑐𝑡𝑢𝑎𝑙) in kWh, 

𝑞𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 × 𝑞1−𝑠𝑡𝑟𝑖𝑛𝑔 

Actual bank voltage (𝑉𝑎𝑐𝑡𝑢𝑎𝑙) in V, 

𝑉𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑁𝑠𝑒𝑟𝑖𝑒𝑠 × 𝑉𝑐  

Maximum charge current (𝐼𝑐,𝑚𝑎𝑥) in A, 

𝐼𝑐,𝑚𝑎𝑥 =
𝐶𝑐,𝑚𝑎𝑥 × 𝑞𝑎𝑐𝑡𝑢𝑎𝑙 × 1,000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
 

Maximum discharge current (𝐼𝑑,𝑚𝑎𝑥) in A, 

𝐼𝑑,𝑚𝑎𝑥 =
𝐶𝑑,𝑚𝑎𝑥 × 𝑞𝑎𝑐𝑡𝑢𝑎𝑙 × 1,000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
 

Maximum power to charge the battery (𝑃𝑏,𝑐,𝑚𝑎𝑥) in kW, 

𝑃𝑏,𝑐,𝑚𝑎𝑥 = 𝑞𝑎𝑐𝑡𝑢𝑎𝑙 × 𝐶𝑐,𝑚𝑎𝑥  

Maximum discharge power (𝑃𝑏,𝑑,𝑚𝑎𝑥) in kW, 

𝑃𝑏,𝑑,𝑚𝑎𝑥 = 𝑞𝑎𝑐𝑡𝑢𝑎𝑙 × 𝐶𝑑,𝑚𝑎𝑥  
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3.2.3 Battery dispatch strategy 

We controlled the battery discharging schedules by developing a dispatch strategy. Since the 

size of a battery depends on its dispatch hours, we chose scenarios, with varying dispatch 

hours, to evaluate its effect on the battery size. Inputs for the dispatch model included: 

 Dispatch time, 𝑡 (hour or minute number) 

 Load demand, 𝑃𝑙𝑜𝑎𝑑  

 Power output from PV, 𝑃𝑝𝑣  

 Maximum power to charge the battery, 𝑃𝑏,𝑐,𝑚𝑎𝑥  

 Maximum power that can be discharged from the battery, 𝑃𝑏,𝑑,𝑚𝑎𝑥 

Table 5 shows three scenarios, which represent the change in duration of hours over which a 

battery is allowed to dispatch/discharge. For example, in Scenario 1, the battery was allowed 

to discharge anytime in a day when solar generation is unable to meet the demand. However, 

in Scenarios 2 and 3, battery discharge was allowed to commence only at a specified “dispatch 

time”—restricted to a certain number of hours. 

Table 5: Battery dispatch Scenarios   

Dispatch Scenarios Dispatch Time Hours of Battery Dispatch 

Scenario 1 12 PM to 12 AM 24 

Scenario 2 6 PM to 6 AM 12 

Scenario 3 6 PM to 12 AM 6 

To further illustrate the dispatch strategy, in Scenario 1, where the battery is allowed to 

discharge for 24 hours, we determined the battery power (𝑃𝑏) for time “t”, using the following 

logic: 

If (𝑃𝑝𝑣 > 𝑃𝑙𝑜𝑎𝑑), 

𝑃𝑏 = −𝑀𝑖𝑛(|𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣|, | 𝑃𝑏,𝑐,𝑚𝑎𝑥|), negative sign indicates charging power 

Else, 

𝑃𝑏 = 𝑀𝑖𝑛(|𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣|, | 𝑃𝑏,𝑑,𝑚𝑎𝑥|), positive sign indicates discharging power 

Here, 𝑃𝑏,𝑐,𝑚𝑎𝑥  and 𝑃𝑏,𝑑,𝑚𝑎𝑥 were calculated as per the description provided in Section 3.2.2.  

The logic described above indicates that in the three scenarios, the PV power output first 

supplies the load, before charging the battery. Appendix A.3 provides additional details of the 

lead-acid battery model. We extracted the SoC profile from the battery model to estimate the 

life of the battery. We then filtered the SoC data for a year, into distinct peaks and valleys, as 

shown in Figure 4, which is known as “filtered SoC” (Langella et al., 2014). Then, we used this 

filtered SoC as input in the rain flow counting algorithm (Downing & Socie, 1982) for battery 

life estimation. The filtered SoC helped in generating the number of cycles that elapsed during 

battery operation and the corresponding DoD. The battery life (𝐿𝑏) was estimated using the 

equation provided below: 

𝐿𝑏 =
1

∑
𝑁𝑖

𝐶𝐹𝑖

𝑚
𝑖=1
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Where, 𝑁𝑖  is the number of cycles, with an average DoD of 𝐷𝑂𝐷𝑖 , and 𝐶𝐹𝑖  is the maximum 

number of cycles that can be run. When the effective battery capacity degrades to 80% of the 

initial capacity, the battery is assumed to have reached its end of life (Diorio et al., 2015). 

 

Figure 4: Sample SoC data and filtered SoC for rain flow counting algorithm 

3.3  Technical Modelling for SPVMG 

In Section 3.2.3, we have explained the dispatch logic for seamlessly combining the technical 

outputs from the PV and battery models. In order to complete the technical design of the 

SPVMG, the inverter has to be sized. We decided the inverter capacity based on the peak load 

demand for which the system was designed. As the inverter’s output is directly connected to 

the load, as shown in Figure 1, the maximum power through the inverter, under normal 

operating conditions, will never exceed the peak demand for the site. Considering an 

additional safety margin of 25% above the peak demand, the inverter capacity, in kW, can be 

expressed as (Li, Zhu, Cao, Sui, & Hu, 2009): 

𝐼𝑁𝑉𝑠 =
1.25 ∗ 𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 𝑑𝑒𝑚𝑎𝑛𝑑

𝑃𝑜𝑤𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟
 

Since the peak load demand was 14 kW, we calculated the inverter size, in kVA, and rounded 

it off to be 20 kVA (1.25*14/0.9). We assumed a power factor of 0.9 for the study.   

To complete the technical modelling, the reliability outputs shown in Figure 2 were calculated. 

𝑈𝐿 represents the fraction of load, which cannot be supplied by the SPVMG when the battery 

reaches 𝑆𝑜𝐶𝑚𝑖𝑛 (lowest allowable SoC) during discharging. 𝐸𝑋𝐸𝐿  represents the fraction of 

excess PV generation, which cannot be utilised for charging a battery when it reaches its 

maximum SoC (𝑆𝑜𝐶𝑚𝑎𝑥). 𝑇𝐿𝑃𝑆𝑃 is the probability of loss of power supply. It indicates the 

fraction of hours with no supply from either the PV or the battery, out of the total time instants 

in a year. These indicators are expressed below, in detail, for hourly calculations (8,760 is the 

total number of hours in a typical year): 

𝑈𝐿 =  
∑ 𝑀𝑎𝑥 {(

𝑃𝑙𝑜𝑎𝑑
𝜂𝑎𝑐𝑑𝑐

− 𝑃𝑝𝑣 × 𝜂𝑑𝑐𝑑𝑐 − 𝑃𝑏) ,  0}8,760
𝑖=1

∑ (𝑃𝑙𝑜𝑎𝑑)8,760
𝑖=1

 

𝐸𝑋𝐸𝐿 =  
∑ 𝑀𝑎𝑥 {(𝑃𝑝𝑣 × 𝜂𝑑𝑐𝑑𝑐 −

𝑃𝑙𝑜𝑎𝑑
𝜂𝑎𝑐𝑑𝑐

− 𝑃𝑏) ,  0}8,760
𝑖=1

∑ (𝑃𝑝𝑣)8,760
𝑖=1
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𝑇𝐿𝑃𝑆𝑃 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠 𝑤ℎ𝑒𝑛 𝑃𝑝𝑣 = 0 𝑎𝑛𝑑 𝑃𝑏 = 0

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠 𝑖𝑛 𝑎 𝑦𝑒𝑎𝑟 
 

The technical modelling for Scenario 1 has been mentioned below, as an example. We varied 

the PV size between 25 and 45 kW and the battery size between 50 and 400 kWh to provide 

several combinations of PV and battery coupling, as inputs to the model. We calculated the 

values of the reliability indicators from the model and recorded for all possible combinations 

of PV and battery sizes. A few combinations such as 𝑃𝑉𝑠 = 25 kW, 𝐵𝐴𝑇𝑠 = 50 kWh or 𝑃𝑉𝑠 =

35 kW, 𝐵𝐴𝑇𝑠 = 95 kWh are examples of inputs to the model. The load demand profile was kept 

constant across all scenarios. We maintained a constant inverter size of 20 kVA for all 

scenarios, considering it was designed for the input load profile. 

3.4  Financial Modelling for SPVMG 

We developed a financial model to determine the project cost and LCOE. To do so, we 

considered various fixed and operational costs incurred by micro-grid developers, under 

regular operating conditions. LCOE calculations were based on the method of the Central 

Electricity Regulatory Commission (CERC), to estimate electricity generation cost from 

renewable energy (RE) sources (“Draft CERC (Terms And Conditions For Tariff Determination 

From Renewable Energy Sources) Regulations, 2017 Central Electricity Regulatory 

Commission New Delhi,” 2017). 

The SPVMG component and installation costs shown in Table 6 are based on discussions with 

the Ministry of New and Renewable Energy (MNRE), a few component suppliers and micro-

grid developers. The battery and inverter costs are based on prices quoted by MNRE’s 

empanelled list of equipment manufacturers (MNRE, n.d.). 

Table 6: Input system cost for a typical SPVMG 

Component Symbol Cost  Unit 

Module 𝐶𝑀 25 INR/Wp 
Solar Support Structure 𝐶𝑆𝑆 7 
Balance of System 𝐶𝐵𝑂𝑆 10 
Transportation 𝐶𝑇 3 
Civil & Electrical work 𝐶𝐶𝐸 7.5 
Distribution Network 𝐶𝐷𝑁 20 
Installation & Commissioning 𝐶𝐼𝐶  4 
Annual Operation and Maintenance (O&M) 𝐶𝑂&𝑀 1.7 INR in lakhs 
VRLA AGM Battery  𝐶𝐵𝐴𝑇 8 INR/Wh 
Inverter 𝐶𝐼𝑁𝑉 15 INR/VA 

The annual Operation and Maintenance (O&M) cost (𝐶𝑂&𝑀) consists of the cost of employing 

two personnel to oversee the plant’s O&M, collect tariff, maintenance, insurance and land lease 

costs. Table 7 shows the monthly cost for each of these expenses. 

Table 7: O&M expenses 

Monthly O&M Expenses Values (INR) 

Salary for two personnel 10,000 
Maintenance  1,000 
Land lease 2,000 
Insurance 833 
Total  13,833 
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The other parameters considered in the financial model were related to project life, debt and 

equity considerations, taxes and depreciation.  

Table 8 lists these parameters and their values. 

Table 8: Parameters for project finance 

Parameter Symbol Value Unit 

Project Life 𝑃𝐿 25 Years 

Debt Component 𝐷𝑐 70 % 

Equity Component 𝐸𝑐 30 % 

Debt Interest Rate 𝑖 10 % 

Return on Equity Rate 𝑟𝑜𝑒 14 % 

Pre Tax Discount Rate 𝑑 11.2 % 

Weighted Average Cost of Capital 𝑊𝐴𝐶𝐶 8.8 % 

Debt Repayment Period 𝐷𝑅𝑃 13 Years 

Annual Increase in O&M Costs 𝑂&𝑀𝑟 5.72 % 

Book Depreciation 𝑏𝑑𝑟 
5.28 for first 13 years 
1.78 for next 12 years 

% 

Corporate Tax Rate 𝐶𝑅𝑟 34.61 % 

MAT Rate 𝑀𝐴𝑇𝑟 19 % 

Two parameters, crucial for understanding the project’s financial details, were the Net Present 

Value (NPV) of the total system cost, denoted with 𝑁𝑃𝑉𝑠𝑦𝑠, and 𝐿𝐶𝑂𝐸. 𝑁𝑃𝑉𝑠𝑦𝑠 is the sum total 

of all the costs involved over the project life (𝑃𝐿), converted to present value by discounting 

the future cash flows by an appropriate discount factor (𝑑). It comprises cost of capital, total 

project O&M (𝑂&𝑀𝑣𝑎𝑙) and total depreciation (𝐷𝐸𝑃𝑣𝑎𝑙). The capital needed for such projects 

typically consist of debt (𝐷𝑐) and equity (𝐸𝑐) components. The cost associated with debt is 

represented as the total interest on term loan (𝐼𝑁𝑇𝑣𝑎𝑙) and equity fraction is coined as the total 

return on equity (𝑅𝑂𝐸𝑣𝑎𝑙). Thus, 𝑁𝑃𝑉𝑠𝑦𝑠 is represented as: 

𝑁𝑃𝑉𝑠𝑦𝑠 = 𝑁𝑃𝑉(𝑑, (𝑂&𝑀𝑣𝑎𝑙 + 𝐷𝐸𝑃𝑣𝑎𝑙 + 𝐼𝑁𝑇𝑣𝑎𝑙 + 𝑅𝑂𝐸𝑣𝑎𝑙)) 

Appendix A.4 includes details of 𝑁𝑃𝑉𝑠𝑦𝑠 and 𝐿𝐶𝑂𝐸 calculations. 

3.5  Techno-economic Modelling for SPVMG 

We combined the capabilities of the technical and financial models with the objective of 

performing a techno-economic assessment of a SPVMG for a certain input demand profile and 

location. As shown in Figure 2, we varied the size of PV and battery (𝑃𝑉𝑠 and 𝐵𝐴𝑇𝑠) and used 

them as inputs to the dispatch model for a fixed load demand. For each combination of PV and 

battery size, we calculated the three reliability parameters from the technical model. We 

calculated the system costs and LCOE from the financial model for the same combination. This 

process was repeated for each of the three scenarios.  

We eliminated systems showing greater than 50% unmet demand from the study, since their 

reliability was not deemed satisfactory. We then arranged the remaining system 

configurations from the lowest to highest value of LCOE and unmet demand for the three 

scenarios. Section 4.2 mentions the configurations providing the lowest LCOE and the lowest 

unmet demand (high reliability). Finally, we determined the best system size out of all the 

possible combinations by balancing cost and reliability.  
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4. Results and Discussion  

In this section, we show the results for the performance of a typical SPVMG system, simulating 

its characteristics through our models. We found that the most suitable system configuration 

can be obtained by a trade-off between cost (LCOE) and system reliability. We found this by 

calculating both LCOE and unmet load for various combinations of PV and battery size. Since 

unmet load represents the fraction of demand not served, it is a direct indicator of system 

reliability.  

4.1  Typical System Performance 

Prior to describing the techno-economic analysis, we have presented the results associated 

with the performance of a SPVMG system, in this section. Figure 5 shows a set of six curves 

related to the hourly system performance, for a typical five-day period, for the year considered. 

The results have been shown for a sample system size of PV = 40 KW, Battery = 320 kWh and 

Inverter =20 kVA, for 24 hours of unrestricted battery dispatch (Scenario 1). The hourly load 

and solar radiation data are inputs to the model. PV power and battery current [in Amperes 

(A)] were calculated from these inputs and determined the charging/discharging of the 

battery. The current is negative in charging mode and positive in discharging mode. The 

change in battery voltage [in Volts (V)], which has an inverse trend to current, is also captured 

in Figure 5. The hourly SoC profile indicates the fraction of battery capacity available at any 

point of time. The SoC increases while charging and decreases during discharging. The power 

to/from the battery (P to/fr Batt.) indicates the charging/ discharging power and has the same 

trend as current. 
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Figure 5: PV and battery performance characteristics over five typical days 

Figure 6 (a) shows the variation in reliability indicators, namely 𝐸𝑋𝐸𝐿 , 𝑈𝐿 and 𝑇𝐿𝑃𝑆𝑃, for a PV 

of size 35 kW and different battery capacities. In dispatch Scenario 1, with an increase in 

battery capacity, 𝐸𝑋𝐸𝐿 , 𝑈𝐿 and 𝑇𝐿𝑃𝑆𝑃 decrease significantly, up to 200 kWh, beyond which the 

decrease is marginal. A larger battery size, up to around 200 kWh in this case, helps meet the 

demand satisfactorily and limits the excess electricity. Figure 6 (b) shows the variation in 

battery life and average efficiency as functions of battery capacity. With an increase in battery 

capacity, for a fixed PV size, the life of the battery increases significantly, beyond 200 kWh. 

Batteries of higher sizes remain under-utilised and get cycled at low DoDs, which increases its 

life. The average efficiency of the battery decreases with increase in capacity, as the charging 

(input) power increases, for the same discharging (output) power, since demand does not 

change. 
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Figure 6: Variation in (a) reliability indicators and (b) battery life and efficiency for a 35 kW PV system 

4.2  Scenarios for Feasibility Analysis 

Figure 7 shows the percentage of unmet load for the three dispatch scenarios discussed in 

Section 3.2.3. We observed that a larger battery size improved its reliability by supplying the 

majority of the load. However, beyond a certain threshold of battery capacity, the fixed PV 

power (represented by individual trend lines) does not aid in improving reliability any further. 

We also saw that with higher PV size, system reliability improved in general. Moreover, we 

also observed that reliability in Scenario 3 was lower as compared to those in Scenarios 1 and 

2 due to only 6 hours of battery discharge. 

 

 

 

 

 

 

 

 

Figure 7: Scenarios 1-3 showing the variation in system unmet load  

Figure 8 shows the variation in system LCOE corresponding to changes in the system size in 

all three scenarios. To evaluate systems from a cost perspective, we chose LCOE as it takes into 
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consideration the capital, replacement and operational costs involved in setting up a SPVMG. 

The LCOE trend showed that lower PV and battery sizes reduced the capital expenditure of the 

system and, in turn, lowered the LCOEs. However, the battery life increases with battery size 

(Figure 6, Scenario 2), thus fewer battery replacements are required. Hence, the lower battery 

replacement cost negates the increase in capital cost in some cases. Thus, the lowest values of 

LCOE for all three scenarios were found for systems with smaller PV sizes and battery size 

between 70 kWh and 150 kWh. 

   

                                     

Figure 8: Variation in system LCOE for Scenarios 1-3 

The results for Scenario 1 (as is evident from Figures 7 and 8) show that systems with lower 

PV and battery sizes provide lower LCOEs. However, these smaller capacity systems also have 

poor reliability (unmet load is typically greater than 30%). Scenarios 2 and 3 also show poor 

reliability, making it imperative to find pragmatic solutions and systems that are balanced in 

terms of cost and reliability. Table 9 lists the systems with the lowest LCOEs for each of the 

scenarios. We also evaluated the systems for reliability; those with the lowest unmet load are 

also listed.  
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Table 9: System configurations w.r.t. lower LCOE and higher reliability 

Dispatch 
Scenarios 

PV 
(kW) 

Battery 
(kWh) 

Inverter 
(kVA) 

Unmet 
Load (%) 

T
LPSP

 

(%) 

Hours of 
Power Failure 

LCOE 
(INR/
kWh) 

Battery 
Replacement 
(Year No.) 

Lowest LCOE 

Scenario 1 25 150 20 38.2 27.1 6.5 30.7 3 

Scenario 2 25 75 20 45.9 29.5 7.1 30.2 2 

Scenario 3 25 75 20 45.8 30.2 7.3 30.0 2 

Lowest Unmet Load 

Scenario 1 45 315 20 8.9 3.01 0.7 35.8 3 

Scenario 2 45 270 20 14.8 5.5 1.3 34.9 3 

Scenario 3 40 200 20 34.2 24.1 5.8 33.6 4 

From the results shown above, it is evident that due to the limited number of hours of battery 

dispatch, the battery size requirement in Scenarios 3 and 2 were lesser than that in Scenario 

1. The restriction on dispatch hours reduced the battery discharge time, allowing it to mostly 

charge from solar. This yielded systems with smaller battery sizes when evaluated for both, 

the lowest LCOE (due to reduction of expenditure on battery capital cost) and lowest unmet 

load. Scenario 3 provides a system with the lowest LCOE. However, reduction in the battery 

size also brings down the system reliability, which is observed as an increase in the percentage 

of unmet load and 𝑇𝐿𝑃𝑆𝑃. This is mostly because of the unavailability of enough battery 

discharge power to meet the load. 

Similarly, while narrowing down systems based on reliability, we found that Scenario 1 

provides the best result as it had the lowest unmet load, indicating higher reliability. This is 

because the system size combination obtained in this case included large capacities of PV and 

battery, with 24 hours of battery dispatch allowed, meeting the demand satisfactorily. In 

Scenario 3, however, the unmet demand was as high as 34% even with 40 kW PV and 200 kWh 

battery. This was caused due to a limited discharge time of 6 hours only. Thus, a higher battery 

size would be required to bring down the unmet demand below 34%. 

Final “balanced” system configuration results 

Once we evaluated the systems separately from the cost and reliability perspectives, we 

decided to select those configurations, which satisfy both these criteria reasonably. In order 

to do this, we looked at the other reliability indicator, T_LPSP, which shows the hours of power 

failure in a system for a user-defined combination of PV and battery size. We removed the 

systems showing greater than 3.5 hours of power failure in Scenarios 1 and 2. For Scenario 3, 

however, all the simulated system combinations showed more than 5 hours of power failure 

because of the limited battery discharge period. Thus, we eliminated the systems showing 

greater than 6 hours of power failure in Scenario 3 and chose a few system combinations with 

less probabilities of power failure. After filtering out the system sizes based on the constraints 

mentioned above, we sorted the remaining configurations from the smallest to largest LCOE. 

Table 10 provides details of the combinations that provide the lowest LCOEs. 
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Table 10: System configurations obtained by trading-off both LCOE and unmet load 

Dispatch 
Scenarios 

PV 
(kW) 

Battery 
(kWh) 

Inverter 
(kVA) 

Unmet 
Load (%) 

TLPSP 
(%) 

Hours of 
Power Failure 

LCOE 
(INR/
kWh) 

Battery 
Replacement 
(Year No.) 

Scenario 1 35 245 20 19.7 10.7 2.6 33.1 3 

Scenario 2 30 210 20 27.6 12.9 3.1 32.5 3 

Scenario 3 30 150 20 37.5 24.8 6.0 31.7 3 

As indicated in Table 10, there is a significant reduction in battery size, from 245 kWh to 150 

kWh while comparing Scenario 1 and Scenario 3. This is primarily due to the restricted battery 

discharge in Scenario 3. This increases the unmet load while lowering the LCOE due to a 

smaller battery size. We also observed that for Scenario 2, the battery size decreases by only 

35 kWh, as compared to that in Scenario 1. The change is not very significant, considering 

battery discharging is usually limited to the night, on typical sunny days. In this sense, Scenario 

2 is not very different from Scenario 1. 

The reliability of power supply to load, however, decreases from Scenario 1 to 3 because of a 

decrease in system size. In Scenario 3, we notice 6 hours of power failure. Thus, a viable system 

configuration, which fares well in terms of both cost and reliability, is the one shown in 

Scenario 2, and is referred to as a “balanced” system. With a LCOE value that lies mid-way 

between those in the other two scenarios, this system of 35 kW PV and 210 kWh battery can 

supply power for around 21 hours (probable outage of around 3 hours), based on the load 

demand considered. 

4.3  System Costs 

We calculated the costs for the “balanced” system (Scenario 2 in Table 10) since it was the 

most promising in terms of both cost and reliability. Table 11–Table 13 show the total cost of 

the system and its break-up. Figure 9 to Figure 11 indicate the component-wise cost 

contributions to the system costs.   

Table 11: Break-up of capital and fixed costs for the “balanced” system 

Cost Component  Value (INR) 

Capital cost 42,75,000 

Fixed cost over plant life 1,49,88,317 

 
Table 12: Break-up of capital cost for the “balanced” system 

Cost Component  Value (INR) 

PV module 7,50,000 

Battery 16,80,000 

Inverter 3,00,000 

PV support structure 2,10,000 

Balance of System 3,00,000 

Transportation 90,000 

Civil & Electrical 2,25,000 

Distribution Network 6,00,000 

Installation & Commissioning 1,20,000 
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Table 13: Break-up of fixed cost for the “balanced” system 

Cost Component  Value (INR) 

O&M 20,39,407 

Present Value (P.V.) of Battery 
Replacement 

41,29,033 

P.V. of Inverter Replacement 1,39,665 

Interest on Term Loan 24,41,222 

Return on Equity 29,78,433 

Depreciation 32,60,558 

 

 

Figure 9: Break-up of capital cost and fixed cost for the “balanced” system  

 

Figure 10: Break-up of capital cost for the “balanced” system  

 

Figure 11: Break-up of fixed cost for the “balanced” system  
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4.4  Sensitivity Analysis 

Since the system costs and LCOE are strong functions of input costs, we conducted a few 

sensitivity analyses on the “balanced” system to explore options for reducing the LCOE. 

4.4.1 Capital cost as grant  

Several micro-grid projects deployed in India till date have utilised CSR grants or similar funds 

to cover the capital cost of SPVMGs, thereby lowering the LCOE for a system developer, 

significantly. However, the fixed costs of the plant, comprising mostly plant O&M, cost of 

battery replacement and cost of inverter replacement, have to be recovered from electricity 

sale. For the “balanced” system, when the capital cost is provided as a grant, the LCOE works 

out to be INR 19.1/kWh. Table 14 shows the break-up of the system costs, when the capital 

cost is covered through a grant. 

Table 14: Break-up of “balanced” system cost with grant based funding 

Cost Component  Value (INR) 

Capital Cost 0 

Fixed cost over plant life 63,08,104 

4.4.2 With VRLA Gel battery 

We evaluated the “balanced” system (PV=30 kW, Battery=210 kWh) using the specifications 

of a different variant of lead-acid battery, namely the VRLA “Long life” Gel battery (Victron 

Energy, 2016). The capital cost of the battery increased by INR 1,500/kWh, as compared with 

that of the AGM variant. We conservatively assumed the life of the gel battery to be seven years, 

since the battery offers a design service life of maximum 10 years at 30°C. The LCOE for the 

same system reduced to INR 25.6/kWh. Table 15 shows the break-up of the system costs. Even 

though the capital cost is slightly higher, the fixed cost is nearly half of that shown in Table 11 

for the same system using a VRLA AGM battery. Here, the fixed cost decreases due to fewer 

battery replacements while using a VRLA Gel battery.  

Table 15: Break-up of “balanced”’ system cost using VRLA Gel battery 

Cost Component  Value (INR) 

Capital cost 45,90,000 

Fixed cost over plant life 1,02,39,797 

4.5  Techno-economic Comparison for Hourly and Minute-wise Simulations 

We performed a techno-economic comparison of hourly and minute-wise simulations for the 

final shortlisted system configuration obtained in Scenario 2. Table 16 shows the results of the 

techno-economic comparison. We observed that the minute-wise simulations outperform the 

hourly simulations in capturing the granularity of battery performance. For the hourly 

modelling, two adjacent points represented two different hours. Thus, the change in battery 

charge/discharge power observed between two consecutive hours was significantly different 

as compared with that observed between consecutive minutes in the minute-scale modelling. 

This caused a considerable change in battery voltage in the hourly simulations. Thus, the 

battery losses calculated in the hourly simulations were also higher as opposed to those in the 

minute-level simulations. Unmet load and 𝑇𝐿𝑃𝑆𝑃 were higher in the hourly calculations as the 

smaller fluctuations went unnoticed. However, in the minute-wise simulations, the cycling of 
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battery closely resembles real operation. The battery undergoes frequent cycling and the 

calculated battery life is slightly lower than that in the hourly simulations. However, due to the 

lower value of battery losses, the net energy supplied from the SPVMG increased and hence 

LCOE was less in the case of the minute-wise simulations. 

Table 16: Techno-economic comparison of hourly and minute-wise simulations for the “balanced” system 

Parameters Hourly Minute-wise 

Unmet load (%) 27.6 21.6 

TLPSP (%) 12.9 7.1 

Hours of power failure 3.1 1.7 

Battery losses (kWh) 9,051.0 2,152.2 

Battery replacement (in years) 2.6 2.1 

LCOE (INR/kWh) 32.5 30.1 
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5. Policy Implications and Way Forward 

This study helped us to evaluate the techno-economics of a SPVMG and determine a “balanced” 

system size. The key conclusions from the analysis are as follows: 

 The LCOE for an off-grid SPVMG in KA ranges between INR 31–34/kWh.  

 A “balanced” system is one where the battery dispatch is restricted to only 12 hours of 

operation (between 6 PM and 6 AM) and is well-balanced (low LCOE and high system 

reliability).  

 This “balanced” system meets approximately 73% of the load demand and ensures an 

average of 21 hours of power supply per day. 

 If a grant covers the capital cost of the “balanced” system, the LCOE decreases by about 

INR 13/kWh. 

 The VRLA Gel battery has the potential to bring down the LCOE of the system by about 

INR 7/kWh. 

 Serving 100% of the load with a standalone SPVMG is difficult and may warrant a 

drastic increase in system size, thus shooting up system costs. 

The study showed that the cost of generating and supplying electricity through a SPVMG in 

rural areas will be higher than conventional electricity tariffs, which was approximately INR 

4.1/kWh in 2015–16 (Prasad, 2017). This shows that in states like KA, such technologies could 

only be used when the cost of grid extension is higher than INR 34/kWh. Typically, the cost of 

grid extension varies depending on the region and may range between INR 3/kWh and 

approximately INR 200/ kWh depending on the distance from the grid (Aggarwal et al., 2014). 

A SPVMG could be deployed only if the benefit of installing such a system outweighs the costs 

by a high margin.  

The inherent design of a SPVMG offers very little scope for utilising the excess electricity 

generated. Exploring the idea of a grid-tied SPVMG, which allows the plant owner to export the 

excess electricity to the interconnected grid, would help him earn revenue for it. This would 

also provide the plant owner to increase the plant’s utilisation and reduce the dependency of 

the village on grid power.  

To summarise, this study has brought forth an approach/methodology to conduct a techno-

economic feasibility analysis for SPVMGs, for any location in India. If the inputs such as solar 

resource and load demand data are available, the models can easily be adapted. This robust 

approach could even be extended for analysing grid-tied SPVMGs, which can play a crucial role 

in improving the quality of power supply in electrified villages.  

We examined three battery dispatch scenarios in this analysis; however, the approach 

provides a flexibility to evaluate additional scenarios as well. We performed a techno-

economic comparison for the “balanced” system, at both hourly and minute-wise simulations, 

to understand battery behaviour in terms of its life and performance at different time scales. 

The results of the modelling activities revealed that the minute-wise simulation closely 

resembled the system operation and captured the granularity in battery dispatch better than 

the hourly calculations. Going forward, such studies could be carried out using higher 

resolution data, if available. 
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Appendix A 

A.1 Load Demand Data 

For obtaining a continuous demand profile, we first aggregated month-wise data from feeder 

F6 for all the 12 months. From each month’s data, we arranged the daily demand data in a 

matrix of size 31×1,440, 30×1,440 or 28×1,440 depending on the month considered. In this 

case, 31, 30 or 28 indicated the number of days in a month and 1,440 represented the total 

minutes in a day. Then we calculated the mean of non-zero values for each day and replaced 

all the missing (or zero value) data points in a day. This process was repeated for all the days 

in a month and was completed for 12 months. The daily mean captured the average 

consumption in a day. We then arranged daily profiles to get a continuous demand profile, 

representing the electricity consumption for an entire year, at minute scale. We also generated 

an hourly demand profile from the same data. Subsequently, we used these two profiles as 

inputs for the technical modelling of a SPVMG. 

We could not obtain information regarding the exact number of consumers corresponding to 

the demand profiles from the local distribution company serving Kollegal area in KA. We only 

had information that the feeder represented the electricity demand for close to 20 villages. 

Thus, we had to find a way of using this aggregated demand data. We conducted a demand 

estimation to calculate the peak day and night time demand of a typical village, as shown in 

Table 17 and Table A.1.2. We observed that the peak day and night time demand for a village 

comprising 120 households with domestic and other essential electricity needs were 9.5 kW 

and 12.8 kW, respectively, as shown in Table 17. The feeder demand data indicated a peak 

demand consumption of 1.4 MW. Thus, we scaled down the demand profile to 1% of its original 

value. This scaled-down profile had a peak demand of 14 kW, which is approximately close to 

the peak electricity demand (usually at night) seen in typical Indian villages comprising 

around 120 households, as shown in Table 17 . While scaling down, we retained the intra-day 

variability in the demand profile to help design the system for a close-to-real demand pattern. 

Thus, the feeder load profile showed average and peak demands of 6.3 kW and 14 kW. We 

observed peak demand (14 kW) on April 6, 2015, for the time period considered. Therefore, 

we also looked at the demand pattern for the same day across different seasons to understand 

the variation in demand consumption across seasons. Figure 12 shows the hourly demand for 

four typical days of a year, i.e., 6th day of January, April, July and October.  
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Table 17: Use of electricity in a typical village in India 

  Appliance 
Numbers 

Used 
Wattage/ 

Device 
Total Watts 

Household level 

 LED 2 5 10 
 Mobile Charger 1 6 6 
 Fan 1 40 40 
 T.V 1 40 40 

  
Additional 
usage 

 20 20 

Total consumption per 
house 

    116 

Total domestic 
consumption for village 

    13,920 

Community Level 

Shop 
LED 2 5 10 
Table Fan 1 20 20 

Streetlights LED type 20 12 240 
Drinking 
water 

Pump 1 1491.4 1491.4 

Irrigation Pump 2 2237.1 4474.2 
Estimated typical day time 
load  

25% of household load+ 100 % pump load (drinking water 
and irrigation) 

9,445.6 

Estimated typical night 
time load 

90% of household load+ 100 % community load (shops+ 
streetlights) 

12,828 

 
Table A.1.2: Categories of electricity use and their respective numbers in a village  

Category Numbers 

Households 120 

Shops 2 

Streetlights 20 

Pump for Drinking Water 1 

Irrigation Pumps 2 

 

 

Figure 121: Typical load demand for representative days in four different months 
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A.2 Solar Module Datasheet Parameters 

Module manufacturer: ELDORA - Vikram Solar 

Model name and mount type: Eldora VSP.72.320.03 - Multi-crystalline; Glass/Cell/Polymer 

sheet 
Table 18: Solar PV module datasheet parameters 

Parameter  Notation Value 

Voltage at maximum power point Vmpp (STC) (V) 38.4 

Open-circuit voltage  Voc (STC) (V) 46.2 

Short-circuit current Isc (STC) (A) 8.95 

Current at maximum power point Impp (STC) (A) 8.33 

Power rating PM (STC) (W) 320 

Length of module Lmod (m) 0.982 

Breadth of module Bmod (m) 1.955 

Temperature  coefficient  of maximum power %/C -0.41 

Temperature coefficient of open-circuit voltage  %/C -0.31 

Temperature coefficient of short-circuit current %/C 0.052 

Number of cells 
 

72 

Number of by-pass diodes 
 

3 

A.3 Battery Performance Model 

This section presents the details of the battery performance model. We modelled the 

performance characteristics based on the battery design, explained in Sections 3.2.1 and 3.2.2. 

The expressions used in determining the battery performance have been listed step-wise in 

this section. 

Step-1:  Calculate capacity ratio “𝑐”, rate constant “𝑘” and maximum cell capacity “𝑞𝑚𝑎𝑥,𝑐” 

(Manwell & McGowan, 1993).  

Step-2: Initialise the available charge, 𝑞1,0, and bound charge, 𝑞2,0, using the values of 𝑐: 

𝑞𝑚𝑎𝑥,0 = 𝑞𝑚𝑎𝑥,𝑐 × 𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  

𝑞1,0 = 𝑐 × 𝑞𝑚𝑎𝑥,0 

𝑞2,0 = (1 − 𝑐) × 𝑞𝑚𝑎𝑥,0 

Step-3: Initialise all variables required for the simulation 

Step-4: Find the value of 𝑃𝑏  at time “t” as: 

𝑃𝑏,𝑐,𝑚𝑎𝑥 = 𝑀𝑎𝑥 ((𝑞𝑚𝑎𝑥 −
𝑆𝑂𝐶𝑚𝑎𝑥𝑞𝑚𝑎𝑥,0

100
) 𝑉𝑏,0𝐶𝑐,𝑚𝑎𝑥 , 0) 

𝑃𝑏,𝑑,𝑚𝑎𝑥 = 𝑀𝑎𝑥 ((𝑞𝑚𝑎𝑥 −
𝑆𝑂𝐶𝑚𝑖𝑛𝑞𝑚𝑎𝑥,0

100
) 𝑉𝑏,0𝐶𝑑,𝑚𝑎𝑥 , 0) 
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Step-5: If 𝑃𝑏 > 0, battery will discharge power to the load. Compute 𝐼𝑑 , 𝐼𝑑,𝑚𝑎𝑥 , 𝑞𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 , 𝑞1, 

𝑞2, 𝑞, 𝑉𝑐 , 𝑉𝑏 , 𝑆𝑂𝐶, 𝐷𝑂𝐷 and 𝑃𝑓𝑟𝑜𝑚,𝑏𝑎𝑡𝑡𝑒𝑟𝑦. The equations for computing the above parameters 

are as follows: 

𝐼𝑑 = (
𝑃𝑏

𝑉𝑏,0
) /𝜂𝑑𝑐𝑎𝑐 

𝐼𝑑,𝑚𝑎𝑥 =
𝑘𝑞10𝑒−𝑘∆𝑡 + 𝑞0𝑘𝑐(1 − 𝑒−𝑘∆𝑡)

1 − 𝑒−𝑘∆𝑡 + 𝑐(𝑘∆𝑡 − 1 + 𝑒−𝑘∆𝑡)
 

𝐼 = 𝑀𝑖𝑛(𝐼𝑑 , 𝐼𝑑,𝑚𝑎𝑥) 

𝑞𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐼∆𝑡 

𝑞1 = 𝑞1,0𝑒−𝑘∆𝑡 +
(𝑞0𝑘𝑐 − 𝐼) × (1 − 𝑒−𝑘∆𝑡) − 𝐼𝑐(𝑘∆𝑡 − 1 + 𝑒−𝑘∆𝑡)

𝑘
 

𝑞2 = 𝑞2,0𝑒−𝑘∆𝑡 + 𝑞0(1 − 𝑐)(1 − 𝑒−𝑘∆𝑡) −
𝐼(1 − 𝑐) × (𝑘∆𝑡 − 1 + 𝑒−𝑘∆𝑡)

𝑘
 

𝑞 = 𝑞1 + 𝑞2 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑉𝑐  𝑓𝑟𝑜𝑚 𝐼, 𝑞0, 𝑞 

𝑉𝑏 =  𝑉𝑐 × 𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  

𝑃𝑓𝑟𝑜𝑚𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =  
(𝑉𝑏,0 + 𝑉𝑏)

2
× 𝐼 × 𝜂𝑑𝑐𝑎𝑐  

𝑆𝑂𝐶 =  100 ×
(𝑞𝑚𝑎𝑥 − 𝑞𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒)

𝑞𝑚𝑎𝑥,0
 

𝐷𝑂𝐷 =  100 ×
𝑞𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑞𝑚𝑎𝑥,0
 

Step-6: In the same way, if 𝑃𝑏 < 0, battery is in charging mode. Similarly, compute all 

parameters as follows: 

𝐼𝑐 = (
𝑃𝑏

𝑉𝑏,0
) 

𝐼𝑐,𝑚𝑎𝑥 =
−𝑘𝑐𝑞𝑚𝑎𝑥 + 𝑘𝑐𝑞𝑚𝑎𝑥,0𝑒−𝑘∆𝑡 + 𝑞𝑚𝑎𝑥,0𝑘𝑐(1 − 𝑒−𝑘∆𝑡)

1 − 𝑒−𝑘∆𝑡 + 𝑐(𝑘∆𝑡 − 1 + 𝑒−𝑘∆𝑡)
 

𝐼 = 𝑀𝑖𝑛(𝐼𝑐 , 𝐼𝑐,𝑚𝑎𝑥) 

𝑞𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐼∆𝑡 

𝑃𝑡𝑜𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =  
(𝑉𝑏,0 + 𝑉𝑏)

2
× 𝐼 × 𝜂𝑑𝑐𝑑𝑐 

SoC and DOD are calculated similarly to discharging mode. 
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Step-7: Calculate the reliability parameters: excess electricity, unmet load and 𝑇𝐿𝑃𝑆𝑃: 

𝑃𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑀𝑎𝑥 (𝑃𝑝𝑣𝜂𝑑𝑐𝑑𝑐 −
𝑃𝑙𝑜𝑎𝑑

𝜂𝑑𝑐𝑎𝑐
− |𝑃𝑡𝑜𝑏𝑎𝑡𝑡𝑒𝑟𝑦|, 0) 

𝑃𝑢𝑛𝑚𝑒𝑡 = 𝑀𝑎𝑥 (
𝑃𝑙𝑜𝑎𝑑

𝜂𝑑𝑐𝑎𝑐
− 𝑃𝑝𝑣𝜂𝑑𝑐𝑑𝑐 − 𝑃𝑓𝑟𝑜𝑚𝑏𝑎𝑡𝑡𝑒𝑟𝑦 , 0) 

If (𝑃𝑝𝑣 = 0 & 𝑃𝑏 = 0), the value of 𝑇𝐿𝑃𝑆𝑃 increases by 1 

𝑇𝐿𝑃𝑆𝑃 = 𝑇𝐿𝑃𝑆𝑃 + 1 

Step-8: Repeat the process and calculate the PV and battery output data for all 8,760 hours of 

the year. 

A.4 Financial Model 

This section covers the additional details regarding the methodology and expressions used in 

the financial modelling. 

O&M calculation: 

We denoted the O&M value for each year with 𝐶𝑂&𝑀; the value for the first year was INR 1.66 

lakh. The value of 𝐶𝑂&𝑀  in year 1 was escalated at a rate of 𝑂&𝑀𝑟  annually, till the end of the 

project life (𝑃𝐿). 

Thus, 𝑂&𝑀𝑣𝑎𝑙  in the nth year can be expressed as: 

𝑂&𝑀𝑣𝑎𝑙,𝑛 = {

𝐶𝑂&𝑀 , 𝑛 = 1

𝑂&𝑀𝑣𝑎𝑙,𝑛−1 ∗ (1 +
𝑂&𝑀𝑟

100
), 2 < 𝑛 < 25

} 

Where, 𝑂&𝑀𝑣𝑎𝑙,𝑛−1 represents the value of O&M in the previous year. 

Depreciation calculation: 

𝐷𝐸𝑃𝑣𝑎𝑙 = 𝑁𝑃𝑉(𝑑, 𝐷𝐸𝑃𝑣𝑎𝑙,n) 

We calculated the book depreciation value for a year, say “n”, as:  

𝐷𝐸𝑃𝑣𝑎𝑙,n = 𝐶𝑆𝑌𝑆 ∗ 𝑏𝑑𝑟 

The value of 𝑏𝑑𝑟  was 5.28% for the first 13 years and 1.78% for the next 12 years. 

We calculated the total cost of the system, 𝐶𝑆𝑌𝑆, based on the system sizes obtained from the 

technical model. The expression for the total system cost is: 

𝐶𝑆𝑌𝑆 = 𝑃𝑉𝑠 ∗ (𝐶𝑀 + 𝐶𝑆𝑆 + 𝐶𝐵𝑂𝑆 + 𝐶𝑇 + 𝐶𝐶𝐶𝐸 + 𝐶𝐷𝑁 + 𝐶𝐼𝐶) + 𝐵𝐴𝑇𝑠 ∗ 𝐶𝐵𝐴𝑇 + 𝐼𝑁𝑉𝑠 ∗ 𝐶𝐼𝑁𝑉

+ 𝐶𝐵𝐴𝑇𝑟 + 𝐶𝐼𝑁𝑉𝑟  

Where, 𝐶𝐵𝐴𝑇𝑟  and 𝐶𝐼𝑁𝑉𝑟  represent the total battery replacement cost and total inverter 

replacement cost, respectively, for a battery of size 𝐵𝐴𝑇𝑠 and an inverter of size 𝐼𝑁𝑉𝑠 . 
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𝐶𝐵𝐴𝑇𝑟 = 𝑁𝑃𝑉(𝑑, 𝐵𝐴𝑇𝑠 ∗ 𝐶𝐵𝐴𝑇), with replacements occurring once in 𝐿𝑏 years. We represented 

the battery life as 𝐿𝑏 and calculated it from the technical model. If 𝐿𝑏 is 3.4 years, for example, 

then to calculate the replacement cost, we rounded up 𝐿𝑏  to the nearest integer, i.e., 4 years. 

Thus, the battery was replaced six times during a project life of 25 years. 

We assumed the inverter to have a life of 10 years. Thus, it was replaced only twice in 𝑃𝐿  years 

for all the simulated scenarios, and we calculated the total inverter replacement cost (𝐶𝐼𝑁𝑉𝑟) 

as: 

𝐶𝐼𝑁𝑉𝑟 = 𝑁𝑃𝑉(𝑑, 𝐼𝑁𝑉𝑠 ∗ 𝐶𝐼𝑁𝑉) 

 

Interest on term loan: 

We calculated the interest on the term loan amount for the nth year as: 

𝐼𝑁𝑇𝑣𝑎𝑙,𝑛 =
𝑂𝐵𝑛 + 𝐶𝐵𝑛

2
∗ 𝑖 

 Where, 𝑂𝐵𝑛is the opening balance and 𝐶𝐵𝑛is the closing balance for nth year: 

𝑂𝐵𝑛 = {
𝐷𝑐 ∗ 𝐶𝑆𝑌𝑆 , 𝑛 = 1
𝐶𝐵𝑛 , 2 < 𝑛 < 13

} 

And, 𝐶𝐵𝑛 = 𝑂𝐵𝑛 − 𝑅𝑃𝑓𝑜𝑟 1 < 𝑛 < 13, where 𝑅𝑃 was the principal repayment for the nth year 

and was continued for the Debt Repayment Period (𝐷𝑅𝑃) of 13 years: 

𝑅𝑃 =
𝑂𝐵𝑛=1

𝐷𝑅𝑃
 

Return on equity calculation: 

We calculated the return on equity based on the equity component of the total cost of the 

system, 𝐶𝑆𝑌𝑆. It is expressed for the nth year as: 

𝑅𝑂𝐸𝑣𝑎𝑙,𝑛 = 𝐸𝑐 ∗ 𝐶𝑆𝑌𝑆 ∗ 𝑟𝑜𝑒 

LCOE calculation: 

LCOE is calculated as the ratio of the NPV of the total system cost (𝑁𝑃𝑉𝑆𝑌𝑆) and the NPV of the 

total electricity generated. It gives an indication of the cost of electricity generated from the 

SPVMG system by considering the entire lifecycle cost: 

𝐿𝐶𝑂𝐸 =  
𝑁𝑃𝑉𝑆𝑌𝑆

𝑁𝑃𝑉(𝑑, 𝐸𝑔𝑒𝑛)
 

Here, 𝐸𝑔𝑒𝑛 represents the annual energy supplied to the load from the SPVMG system. This 

value shows the actual energy supplied after removing system losses, excess generation and 

the unmet demand in the system. 
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