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Abstract—The high penetration of distributed renewable 

energy sources (DRESs), and especially photovoltaics (PVs), in 

LV distribution grids questions their safe and reliable operation. 

In this context, battery energy storage (BES) systems can be an 

effective solution to reduce the intermittency of electricity 

generated by DRESs and to enhance the resilience of power 

systems. However, it is unclear how different incentive schemes 

and regulatory frameworks affect the BES profitability for 

prosumers, compared with no incentives at all. In this paper, a 

techno-economic model is developed to investigate the economic 

viability of BES for residential PVs, operated under different 

incentive schemes. The input parameters of the model include 

typical load and generation profiles, electricity prices as well as 

typical PV and BES costs. Using these data, an optimization 

procedure based on an exhaustive search is performed and the 

optimal size of the integrated PV-BES system is derived. 

Keywords— Battery energy storage systems, net-metering, 

photovoltaics, solar power, techno-economic modeling. 

I. INTRODUCTION 

The European Union (EU) aims to achieve a share of 27% 
of renewable energy sources (RES) in the total energy 
consumption by 2030 [1]. Additionally, according to the 
announced EU targets, all new buildings should be nearly zero 
energy ones (NZEBs) [2], [3] by 2020, indicating that the 
major part of their thermal and electrical energy needs should 
be covered locally by RESs. Among the available RES 
technologies, photovoltaics (PVs) is the most suitable one for 
the residential sector [4], mainly due to their modular structure.  

The widespread use of PVs has also been promoted via 
various government driven support schemes. The most utilized 
one was the Feed-in-Tariff (FiT), which provides a secure 
investment environment for stakeholders [5], [6]. Another 
alternative, more suitable for the residential sector, is the net-

metering (NeM) policy [4], [7]. Under this policy, the prosumer 
offsets the consumed energy provided by the grid with 
electrical energy produced from a local PV system. Generally, 
NeM schemes allow the energy production and consumption to 
happen at different times during the foreseen netting period. 
The prosumer is then charged based on the total net amount 
between the consumed and produced energy for a certain 
netting period [4]. In this context, the utility grid acts as a 
virtual “battery system”, by providing to the prosumer 
electrical energy when the PV production is lower than the 
energy demand, or by absorbing electrical energy in cases of 
excess PV energy.     

The above-mentioned support policies led to a significant 
penetration of intermittent PVs in the existing electrical 
distribution grids [8]. Additionally, it is worth noticing that the 
installation of PVs is expected to further increase in the near 
future to facilitate the transformation of the existing building 
stock to NZEBs. 

Nevertheless, the high penetration of intermittent PVs in the 
existing distribution grids causes a series of technical 
challenges that endangers their safe and reliable operation. The 
most important of them include overloading of network 
equipment [9], overvoltages [10], and stability issues [11]. 
These technical challenges are mainly caused by the mismatch 
between electricity consumption and PV generation. Therefore, 
an efficient solution to address them is to store locally the 
excess of PV energy, using battery energy storage (BES) 
systems [12]. This way, the mismatch between electricity 
demand and electricity supply is efficiently reduced, enhancing 
the resilience of the power system.  

However, adding a BES to a PV system increases the 
overall investment cost, hence there is a strong need to access 
the economic viability of such systems. A literature review of 
past studies that have investigated the economics of BES 
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of these studies focus on investigating the impact of several 
parameters (e.g. the BES and the PV system cost, the size of 
the BES and/or the PV system, the retail price, etc.) on the 
profitability of the integrated PV-BES system. Despite the fact 
that these studies have advanced knowledge about the impact 
of BES on the overall investment cost of residential PVs, two 
main questions still remain open. First, the existing studies 
have not examined the economic viability of BES systems 
under variant NeM schemes, which are widely adopted 
worldwide. Secondly, the existing studies usually investigate a 
limited number of system sizes for both the BES and the PV 
system. However, the chosen system size can strongly affect 
the economic viability of the investment. Thus, it remains 
unclear which is the optimal size, in terms of profitability under 
different incentive schemes, for a residential PV-BES system, 
compared also to the case of no incentives at all. 

The scope of this paper is to develop a techno-economic 
model to investigate the economic viability and profitability of 
integrated PV-BES systems, under different incentive schemes 
and policies. The proposed model uses as inputs typical load 
and generation profiles, typical PV and BES costs and 
electricity prices. Based on these input data, an exhaustive 
search optimization procedure is performed to determine the 
optimal size, in terms of profitability, for the PV-BES system.  

The rest of the paper is organized as follows: In Section II 
the proposed techno-economic model is described. Simulation 
results of different simulated scenarios are presented in Section 
III. Finally, Section IV concludes the paper.

II. PROPOSED TECHNO-ECONOMIC EVALUATION METHOD

In this Section, the mathematical formulation of the 
developed techno-economic model as well as the proposed 
optimization procedure are presented and discussed. 

A. BES System Control Algorithm 

The control of the BES can be performed under different 
control schemes, e.g. to maximize self-consumption, achieve 
peak-shaving, enable load shifting etc. In this work we examine 
a simple scheme that maximizes the self-consumption ratio, 
which can be implemented in modern hybrid inverters. The 
adopted charging/discharging scheme is briefly presented in 
Algorithm 1. Specifically, in case the PV generated power 
exceeds the load demand, the BES system starts the charging 
process by absorbing the surplus of the generated 
power up to the maximum permissible value.  

Algorithm 1: Pseudocode for the charging/discharging scheme 

1: Define upper/lower state of charge limits, i.e. SoCup, SoCl 

2:    if  Production > Demand && SoC < SoCup  

3:          Battery charges 

4:    else if Production > Demand && SoC ≥ SoCup 

5:          No action 

6:    else if Production < Demand && SoC > SoCl 

7:          Battery discharges 

8:    else if Production < Demand && SoC ≤ SoCl 

9:        No action 

10:  end if 

Otherwise, the BES system discharges to cover the mismatch 
between generated power and load demand. During this 
process, the efficiency and the upper/lower limits of the state of 
charge (SoC) of the BES system are taken into account. 

B. Economic Evaluation Process 

In this paper, the economic viability of integrated PV-BES 
systems is evaluated assuming different schemes. More 
specifically, self-consumption schemes with different pricing 
of excess energy are considered and investigated. 
Additionally, a set of partial NeM (pNeM) schemes (found 
also in literature as net-billing schemes) is also tested and 
compared with self-consumption schemes. 

The main motive stems from the actual partial NeM 
scheme currently in place in Greece. Under this scheme 
prosumers have the financial motive to increase their PV self-
consumption. Specifically, the netting is calculated at the end 
of each billing period and the prosumer is charged 
accordingly. In case of positive net amount, excess energy is 
transferred to the next billing period in the form of renewable 
energy credits (RECs). This applies to all subsequent billing 
periods during the netting period, which is considered equal to 
one year. Moreover, four charge categories are assumed [7]: 
the netted cost, which is the prosumer charge calculated using 
the net energy consumed in a billing period, the grid demand 
charge that is related to the energy drawn from the grid, the 
fixed charges, which includes standing fees, the power 
component of transmission and distribution systems charges, 
etc., and finally the services of general interest (SGI) charge. 
The last fee is charged to consumers mainly to compensate the 
high cost of produced electrical energy at the non-
interconnected islands. 

To investigate the economic viability of the integrated PV-
BES system, the following approach is adopted: Initially, four 
types of energies are calculated for every billing period (k), 

i.e., the consumed energy (
k

consE ), the imported energy from 

the grid (
k

impE ), the netted energy according to a certain NeM 

scheme (
k

netE ), and the exported energy ( exp

kE ). For a typical 

day, these energies can be defined by the aid of Fig. 1 as 
shown in Eq. (1) – (4). 

Fig. 1. Production and consumption active power profiles for the definition 

of different energy amounts. 
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Afterwards, assuming a specific investment year (t), an 
economic analysis is performed to calculate the net present 

value (
tnpv ) of the integrated PV-BES system, as follows: 

 

, ,

1 (1 )

t n t nN
t tin out

n
n

cf cf
npv oci

i


 


  (5) 

where N is the system lifetime, i denotes the discount rate, and 
n stands for a specific year of the system lifetime. 

Furthermore, 
,t n

incf and 
,t n

outcf denote the in and out cash flows, 

respectively, while toci  is the overall capital investment cost 

of the integrated PV-BES system, calculated according to: 

 t t t

pv batoci capex capex  . (6) 

Here, 
t

pvcapex and 
t

batcapex stand for the capital investment 

cost of the PV and BES systems, respectively. It is worth 
noticing that no battery replacement is foreseen within the 
current economic analysis. This can be justified by the recent 
advances in Li-ion batteries, offering an increased lifetime 
[14]. Considering the capital investment costs, the relation 
between different investment periods is given as follows: 
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where α is the inflation rate. Moreover, the cash flow out is 

calculated according to 

   
1, 1
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    (8) 

t

pvopex and 
t

batopex are the operation and maintenance (O&M) 

costs of the PV and BES systems, respectively, calculated 
similarly to (7) for a specific investment year. 

The cash flow in (5) represents the profit from the 
electricity cost avoidance and can be derived for the case of 
self-consumption schemes using (9). On the other hand, for the 
case of pNeM schemes the cash flow in can be calculated from 
(10).  
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Here, 
,t nc  denotes the electricity cost in case no PV-BES 

system exists and the consumed energy is only provided by the 

grid, while 
,t nwp denotes the wholesale price of the electricity. 

Furthermore, 
,t n

SCc and
,t n

NeMc are the corresponding costs when a 

PV-BES system is assumed, operated under a self-

consumption and a pNeM scheme, respectively. 
,t nc ,

,t n

NeMc and 

,t n

SCc  can be calculated as follows: 
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In the above equations, 
nbp is the last billing period of year n. 

After the 
nbp period, any surplus of produced energy is not 

compensated and is not transferred to the next year. As 
explained above, the electricity price is divided into four  parts, 

i.e., the netted charge ( nc ), the grid demand charge ( gdc ), the 

fixed charge ( fc ), and the SGI charge ( sgic ). First three 

values are calculated for different investment periods, as 
follows: 

   
1

1
tt t tnc gdc fc nc gdc fc 


      (14) 

while SGI charge is assumed to be constant throughout the 
period of economic evaluation process. The SGI charge is used 
to assess the economic viability of two different pNeM 
policies. The first one is the actual pNeM scheme currently in 
place in Greece, while the second one is a recommended policy 
offering incentives to the prosumers for the installation of PV-

BES systems. In the first approach, kE  is considered equal to 
k

consE , whereas for the recommended policy kE is equal to 
k

impE .  

C. Optimization Search 

To determine the optimal size of the integrated PV-BES 
system, an exhaustive search optimization procedure is 
implemented, as follows: Assuming given consumption and 
generation profiles, the installed capacity of the PV and BES 
systems varies over a wide range. For each combination of PV 
and BES system size, an economic evaluation process is 
performed following the analysis presented in the previous 
Section, and the corresponding net present value is calculated. 



III. SIMULATION RESULTS 

In this Section, indicative results of the proposed economic 
evaluation process are presented. A 20-year economic analysis 
is performed assuming a three-phase installation with agreed 
power equal to 25 kVA. The discount rate is assumed equal to 
4%, while the inflation rate is 2%. The investment year of our 
simulated scenarios is equal to 1. Typical PV system costs are 
presented in Table I, while the typical electricity tariff in 
Greece is presented in Table II and Table III [15]. VAT is 
included in referred prices. Furthermore, the BES system cost 
is considered equal to 600 €/kWh with a battery lifetime greater 
than 20 years [14]. 

The examined scenarios are summarized in Table IV. As 
shown, five different cases are considered and investigated. 
Three of them correspond to self-consumption schemes, while 
two of them correspond to two different pNeM policies. 
Specifically, the first examined scenario, denoted as S1, 
corresponds to a self-consumption scheme that aims to 
maximize the self-consumption ratio (SCR) of the prosumer 
[16]. In this scheme, the prosumer is compensated for selling 
the excess of the PV generated energy. The excess 
compensation price is considered equal to the system marginal 
price (SMP) of the Greek electricity market. Scenarios 2 and 3 
are similar to 1. However, in S2 the excess of the PV energy is 
compensated assuming a price equal to 120% of the SMP, 
while in S3 there is no compensation for any excess energy. S4 
corresponds to the current pNeM scheme in action in Greece, 
while S5 constitutes an alternative policy, proposed in this 
paper to offer incentives to prosumers in order to install 
integrated PV-BES systems. For S4 and S5 the billing period is 
considered equal to 4 months.      

 

TABLE I.  TYPICAL PV SYSTEM COST ANALYSIS  

Type Cost (€/kWp) 

PV Module 1000 
Hybrid Inverter 470 

Balance of System 65 
Installation & Administrative 150 

O&M 2 % (of the overall cost) 

 

 

 
TABLE II.  ELECTRICITY PRICES CATEGORIZATION 

Consumed Energy per  
billing period 

below 2000 / over 2000 kWh 

Netted Cost 0.1069 / 0.1158 €/kWh 
Grid Demand Cost 0.0582 / 0.0582  €/kWh 

Fixed Cost 35.2 / 35.2 €/year 

 

 

 
TABLE III.  SERVICES OF GENERAL INTEREST (SGI) COST 

Consumed Energy per  
billing period 

 

first 1600 kWh 0.0078 €/kWh 
next 400 kWh 0.0565 €/kWh 

rest 0.0960 €/kWh 

 

TABLE IV.  EXAMINED SCENARIOS DESCRIPTION 

Examined 

Scenarios 

Scenario description 

Policy scheme 
Excess energy 

compensation 

S1 Maximize self-consumption SMP 

S2 Maximize self-consumption 120% of SMP 

S3 Maximize self-consumption No 

S4 Partial NeM RECs 

S5 Partial NeM RECs 

 
 

Initially, considering a given PV installation of 4 kWp, a 
parametric analysis is performed by varying the installed 
capacity and the price of the battery. The corresponding results 
are presented in Figs. 2, 3, and 4. In all the examined cases, S4 
where the pNeM is applied outperforms S1, S2, and S3. This 
happens due to the relatively small wholesale price used to 
compensate the excess produced energy compared to the 
electricity cost.  

Furthermore, considering scenarios S1, S2, and S3, the 
optimal battery size, i.e., the battery size the maximizes the net 
present value (NPV) for a given PV installation, is strongly 
related to the battery price. For example, in case of high battery 
prices, a strictly decreasing NPV profile with respect the 
battery size is observed, as shown in Fig. 2. Therefore, no BES 
shall be connected to ensure the maximization of the NPV. This 
situation is improved with the reduction of the battery price, as 
shown in Figs. 3 and 4. More specifically, as the battery price is 
reduced, the optimal battery size is increased. 

Considering S4 scenario where the pNeM policy is applied, 
in all the examined cases, the best solution, in terms of 
maximizing net present value, is to avoid the installation of the 
BES. This happens due to the lack of incentives in the current 
pNeM policies to promote the widespread use of BES. 

 

 

 

Fig. 2. NPV as a function of the battery size, for a PV system of  

4 kWp. The investment is performed in 2018 and the battery price is equal to 

600 €/kWh. Results for scenarios S1, S2, S3, and S4. 



 

Fig. 3. NPV as a function of the battery size, for a PV system of  

4 kWp. The investment is performed in 2018 and the battery price is equal to 

400 €/kWh. Results for scenarios S1, S2, S3, and S4. 

 

Fig. 4. NPV as a function of the battery size, for a PV system of  
4 kWp. The investment is performed in 2018 and the battery price is equal to 

200 €/kWh. Results for scenarios S1, S2, S3, and S4. 

Additionally, a parametric analysis for different PV and 
battery sizes is conducted assuming that the battery cost is 
equal to 200 €/kWh and the investment is performed in 2018. 
The corresponding results are depicted in Fig. 5. Specifically, 
results for four different scenarios, namely S1, S2, S3, and S4 
are presented in Figs. 5a, 5b, 5c, and 5d, respectively. 
Concerning S1 it can be observed that for PVs greater than 5 
kWp, the use of BSSs increases considerably the NPV of the 
investment. On the other hand, for PV sizes lower than 2 kWp, 
the use of storage devices is generally not recommended, since 
the excess of generated power is not enough to charge 
adequately the battery. Similar results are also observed for S2.   

In S3 the excess of energy is not compensated. Therefore, it 
can be seen that for all PV sizes there is an optimal battery size 
which maximizes the NPV of the investment. The only 
exception is for PV systems with nominal power lower than 
1 kWp. Finally, in S4, where a pNeM scheme is applied and 
the compensation of excess energy is performed in form of 
RECs, it is clear that for PV sizes greater than 4 kWp there is 
always a specific battery size which maximizes the NPV of the 
investment. On the contrary, for PV sizes lower than 4 kWp, 
the use of BSSs is not recommended. 

Finally, a different design of pNeM is investigated in 
scenario S5, proposing a new scheme for electricity cost 
calculation. In S4, the part of electricity cost concerning the 

SGI, kE sgic in Eq. 12, is calculated using the amount of 

consumed energy, simulating the actual pNeM scheme in 
Greece. In the contrary, in S5, we assume that SGI cost is 
calculated taking into account the imported energy from the 
grid. Especially, we propose a new NeM scheme that may be 
applied to prosumers that decide to install a joint PV-BES 
system. This scheme can be enabled under the prerequisite that 
prosumer holds an SCR equal to or higher than 50% 
throughout each billing period. To achieve this, a proper 
capacity for the BES system has to be installed, considering 
both consumption and generation profiles of the prosumer.  

 

 

 

 

Fig. 5. NPV as a function of the battery size for various PV sizes. The 

invesment is performed in 2018 and the battery price is considered equal to 

200 €/kWh. Examined Scenarios: a) S1, b) S2, c) S3, and d) S4. 



 

Fig. 6. SCR of prosumer under study for the three billing periods of the year. 

Installed PV system of 4 kWp. 

 

Fig. 7. NPV as a function of the battery size, for a PV system of 4 kWp. The 

investment is performed in 2018 and the battery price is equal to 600 €/kWh. 

Results for scenarios S4 and S5. 

The SCR of the prosumer under study for each billing 
period is presented in Fig. 6, considering a PV system of 
4 kWp. The prerequisite of 50% SCR in each billing period is 
fulfilled for batteries larger than 4.5 kWh. As illustrated in  
Fig. 7, an investment in a standalone PV system of 4 kWp 
would result in NPV of 4567 €. However, if prosumer chooses 
to install a joint PV-BES system (4kWp - 4.5kWh), the 
proposed pNeM scheme would be enabled, thus resulting in an 
NPV of 5253 €. It can be concluded that in such case, the 
prosumer is incentivized to install a PV combined with a BES 
system by gaining an increase of 15% in its profit. 

IV. CONCLUSIONS 

In this paper, a techno-economic model is proposed for the 
economic viability assessment of integrated PV-BES systems 
in the residential sector. Using the proposed tool, five different 
incentive schemes are evaluated, assuming typical electricity 
and system costs for the Greek case.  

The corresponding results reveal that the economic viability 
of such systems is highly affected from the BES cost and the 
adopted policy. With the current market prices, the installation 
of BES systems is not recommended, since the NPV is 
generally reduced compared to the cases of standalone PV 
systems. However, as the BES decreases the profitability 
gained from BES is generally increased, outperforming the 
NPVs of standalone PV systems.  

To provide incentives for the installation of joint PV-BES 
systems under the current market situation in Greece, (i.e. 
electricity prices, pNeM policy, and BES costs) an alternative 
policy is proposed. In the proposed framework, a prosumer that 
installs an integrated PV-BES can increase its profit by 15% 
compared to the case where only a standalone PV system is 
installed. In this way, prosumer is encouraged to install a BES 
system and maintain a high SCR, mitigating the problems high 
PV penetration causes on distribution networks. 
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