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ABSTRACT Net-metering has been introduced as an alternative to the feed-in tariff scheme to encourage 

consumers to act as prosumers by installing photovoltaics. Originally, net-metering referred mainly to 

household photovoltaic systems, however, larger prosumers connected to medium-voltage networks are 

also considered. Scope of this paper is to present a techno-economic assessment methodology to evaluate 

the viability of net-metering policy in medium-voltage prosumers. Unlike most relevant methods, the 

proposed methodology combines techno-economic analysis with a quasi-static simulation model 

incorporating the real-world operational properties of the distribution network, where the medium-voltage 

prosumers are connected. The analysis focuses on nine university campuses operating under net-metering 

policy. The impact of several important parameters on the viability of the investment as well as on the 

optimal size of the system is investigated; among them special emphasis is given on the applicability of the 

decentralized voltage regulation techniques applied to the prosumer’s photovoltaic system. 

INDEX TERMS Medium-voltage, net-metering, photovoltaics, techno-economic analysis, university 

campuses, voltage regulation 

I. INTRODUCTION 

Driven by the environmental concerns on using fossil fuels 

for energy production, the European Union (EU) has initiated 

a transition towards clean and sustainable energy [1], [2]. 

Currently, the share of renewable energy sources (RES) in 

the gross final energy consumption is 19.7 % [3], revealing a 

large gap from the complete independence from fossil fuels. 

As a result, the RES share will continue to increase in the 

next decades by installing new units at transmission or 

distribution level. 

Nevertheless, different factors, e.g., economic, political or 

technical, appear to impact the RES integration at 

distribution networks [4], [5]. For this reason, various 

support mechanisms or combinations of existing policies, 

e.g., tax deduction or subsidies, have been proposed to 

encourage end-users to act as prosumers by installing RES, 

and especially photovoltaics (PVs) [6] - [14]. Among them, 

net-metering (NEM) and net-billing (NEB) are the most 

widely used mechanisms, initially introduced as an 

alternative to the feed-in tariff (FiT) scheme [7] - [10]. 

Indicatively, the NEM mechanism is applied to Belgium, 

Cyprus, Greece [8], [11], Poland [10], etc., while the NEB is 

used in Italy, Mexico, etc. [12]. NEM and NEB are 

electricity billing mechanisms where a prosumer exploits the 

energy produced from a local, owned RES unit to offset the 

consumed energy within its premises. Assuming a given 

netting/billing period, the offsetting process is implemented 

at pre-defined timeslots, varying from few seconds up to 

months [7], [13]. The main difference between NEB and 

NEM lies on the assumed rate of the excess energy. 

Specifically, in NEM, the excess energy injected into the grid 

is charged with the same price as the consumed energy 

(energy compensation); in NEB it is charged at a lower price 

(financial compensation) [9].  

However, the increasing RES penetration in distribution 

networks poses unprecedented technical challenges to 
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network operators, jeopardizing the reliable operation of 

power systems, due to e.g., power fluctuations [15], voltage 

rise [16], [17] and network overloading [18]. In particular, in 

medium-voltage (MV) networks, the voltage rise problem is 

one of the most important technical challenges [16], [17], 

[19]. Therefore, in order to limit voltage violations and 

ensure the reliable operation of the power system, different 

solutions have been proposed, including grid 

reinforcement [20], real power curtailment (RPC) [21], [22] 

and provision of reactive power by PVs [23] - [26]. 

However, the first solution requires significant investments, 

being prohibitive for distribution system operators (DSOs), 

while RPC results into a significant reduction of revenues, 

being less attractive for investors. On the other hand, voltage 

regulation based on reactive power control can be considered 

as a cost-effective solution, especially in MV networks, due 

to the relatively low R/X line ratio [25]. 

Τhe main motivation of this paper is to present a techno-

economic assessment methodology to evaluate the viability 

of NEM policy in MV prosumers and investigate the effect 

of various important parameters. The economic viability of 

the NEM policy regarding low-voltage (LV) residential 

prosumers has been well investigated in several studies [4], 

[7], [8], [10], [27] - [31]. However, according to the authors’ 

knowledge there are very few relevant works regarding MV 

prosumers [32]. In particular, LV prosumers are charged with 

volumetric retail rates based on the total consumed energy (in 

terms of real power), assuming unity power factor (typically 

the case for most households) [5]. On the other hand, the 

electricity charging mechanism of MV prosumers is 

generally more complex. For example, in Greece it is based 

both on the total consumed energy (both in terms of real and 

reactive power) and real power peak demand. This also 

implies that the effect of reactive power voltage regulation 

control on electricity charge becomes important for MV 

prosumers, while this is not the case for LV NEM. 

The proposed method is generic and can be applied to any 

type of MV NEM prosumers regardless the electricity 

charging mechanism. Nevertheless, the analysis focuses on 

nine campuses of the Democritus University of Thrace 

(DUTH) in Greece, considered as the prosumers under study. 

From the obtained results the viability and profitability of the 

NEM policy in the nine campuses is evaluated and the 

optimal size for the PV system is determined in terms of 

maximizing the net present value by applying an exhaustive 

search optimization procedure. The present work extends a 

previous study [32] that has described preliminary 

investigations. Additional strengths and contributions of the 

analysis are:  

 Unlike most relevant methods, the proposed 

methodology combines techno-economic analysis (in 

terms of several indicators) with quasi-static simulations 

to incorporate the real-world operational properties of 

the distribution network; thus, improving the accuracy of 

the final evaluation. Annual timeseries of the real and 

reactive power demand as well as of the PV production 

from MV prosumers are used as inputs to the developed 

simulation model. 

 Special emphasis is given on the investigation of the 

applicability of decentralized voltage regulation 

techniques contained in the PV systems and their impact 

on the cost-efficiency of the NEM policy.  

 By using the proposed methodology, the effect of a 

variety of parameters is investigated to ensure adequate 

profitability to prosumers and facilitate the fine-tuning 

of policy alternatives by policy makers.  

The rest of the paper is organized as follows: In Section II, 

the proposed methodology is presented. In Section III, the 

necessary information about the electricity billing 

mechanism and the existing NEM policy of MV costumers in 

Greece is described. The theoretical background of voltage 

regulation techniques and the techno-economic indicators 

used are presented in Sections IV and V, respectively. 

Moreover, energy demand data as well as the PV production 

profiles are analyzed in Section VI, while the obtained results 

are presented and discussed in Section VII. Finally, Section 

VIII summarizes the most significant conclusions of the 

paper. 

II. METHODOLOGY 

A techno-economic assessment methodology of MV 

prosumers under the NEM scheme is introduced following 

the flowchart of Fig. 1. The analysis contains the calculation 

of the MV prosumer’s energy by taking into account the 

interaction with the distribution network. The viability of the 

NEM investment is then evaluated in terms of techno-

economic indicators. In more detail the proposed 

methodology involves the four following steps: 

1) Data initialization: the necessary data for power flow 

analysis and cost calculations are provided by the user 

as inputs to the model. Additionally, the PV size, 

degradation, lifetime, the voltage regulation control 

scheme and the electricity charging mechanism are 

determined. 

2) Off-grid analysis: an initial estimate of the impact of 

the PV size on the viability of the NEM scheme is 

performed by means of off-grid calculations. 

3) Quasi-Static analysis: quasi-static timeseries analysis is 

conducted on annual basis; the electricity cost of NEM 

charging is calculated by incorporating the effect of the 

network operational properties.  

4) Techno-economic assessment: NEM policy is 

evaluated by calculating a set of technical and 

investment appraisal indicators. The evaluation process 

incorporates the NEM scheme and allows the 

evaluation of the optimal PV size, the effect of 

demand, variable PV system properties as well as the 

application of different voltage regulation schemes and 

electricity charging mechanisms; thus, the proposed 

methodology can be considered generic. 
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Details on the electricity charging mechanism, the 

examined regulation techniques and the techno-economic 

assessment are provided in the next sections. 
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FIGURE 1.  Flowchart of the proposed methodology. 

III.  ELECTRICITY CHARGING MECHANISM OF MV 
END-USERS IN GREECE 

A. ELECTRICITY COST 

The public power corporation (PPC) S.A. is the current 

major electricity supplier in Greece and offers different 

electricity tariffs, depending on the MV customer type. For 

large MV customers, e.g., commercial, industrial, campuses 

etc., the PPC offers specific reduced electricity pricing 

charged on monthly basis [32].  The total electricity tariff 

(Ctot) is subdivided into supply charges (Csupply), regulated 

charges (Cregulated) and municipal fees and taxes (Cmunicipal):

  tot supply regulated municipalC C C C   (1) 

where: 

2CO  supply E PC C C C    (2) 

    regulated TN DN GhT SGI OCC C C C C C  (3) 

 . municipal MF MTC C C   (4) 

 

In particular: 

 Csupply is defined as the sum of the cost of energy (CE), 

the cost of power (CP) and CO2 charges (
2COC ). CE can 

be calculated by analyzing the energy consumed by the 

customer during a billing period into two time zones, 

i.e., the peak and base load. The consumed energy at 

each time zone is evaluated at a different price. The 

peak time zone corresponds to the period from 7:00 to 

23:00, during working days and the associated 

consumed energy ΕΑ is evaluated with tariff CEFΑ. The 

base load time zone corresponds to the period from 

23:00 to 7:00 of working days as well as weekends and 

holidays. The consumed energy ΕΒ in this zone is 

evaluated with price CEFΒ. 

 Cregulated is subdivided into five categories, i.e., 

transmission (CTN) and distribution (CDN) network 

charges, greenhouse tax (CGhT), services of general 

interest (CSGI) and other charges (COC) 

 The municipal fees (CMF) and taxes (CMT). 

A detailed analysis of the different types of economic costs 

is given in the Appendix. 

B. NEM SCHEME 

According to the NEM policy in Greece [13], the netting 

calculation is applied at the end of each billing period, i.e., on 

monthly basis for MV prosumers. Specifically, the 

prosumer’s monthly consumed ( cons

monthE ) and produced 

( prod

monthE ) energy is calculated according to (5) and (6), 

respectively. 

cons cons

,

1 1

D S

month d s

d s

E P Δt
 

    (5) 

prod prod

,

1 1

D S

month d s

d s

E P Δt
 

    (6) 

Here, d = 1…D corresponds to a day of the billing period 

(D is the number of the days for each month), s = 1…S 

denotes the number of samples for each day d, Δt is the data 
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resolution, S is the maximum number of samples per day, 

i.e., S = 24 considering 1-hour (Δt) resolution data and consP , 
prodP are the averaged consumed and produced real power of 

the prosumers in Δt, respectively. Since NEM does not 

require any synchronization between the produced and the 

consumed energy, the monthly netted energy of a prosumer 

( netted

monthE ) is 

netted cons prod

1  month month month monthE E E RECs  (7) 

where RECs are the renewable energy credits described the 

excess of energy that is not directly compensated, but it is 

rolled over to the next period when the production is higher 

to the demand. RECs are calculated according to 

   MOD3 0 & month 1
netted

 


   

year

month monthRECs E  (8) 

where the operator [ ]  defines the projection on the negative 

orthant. The timeframe of rolling RECs is limited to the 

corresponding netting period, i.e., 3 years. Any excess of 

energy after the 3-year period is not compensated and not 

credited to the next account [13]; the maximum duration of 

the NEM contract is 25 years. In case the prosumer’s 

production is lower than demand, the prosumer is charged on 

the consumed net energy ( charged

monthE ) as 

charged netted


   month monthE E   (9) 

where the operator [ ]  defines the projection on the positive 

orthant. Note that, the CSGI calculation is based on the total 

consumed energy ( cons

monthE ); the rest of the regulated charges 

are calculated on the basis of the imported energy from the 

grid. The same procedure also applies to LV prosumers with 

differences only on the billing and netting period. 

IV.  VOLTAGE REGULATION TECHNIQUES 

One of the most important technical challenges in modern 

distribution networks, due to the increasing PV penetration, 

is voltage rise. This is more evident, when no control scheme 

is used by PV systems. To mitigate the related voltage 

violations and ensure the reliable operation of the power 

system, various decentralized control schemes have been 

proposed in literature [23] - [26]; among them, the provision 

of reactive power by PVs is one of the most common 

approaches. In this paper, three types of decentralized control 

schemes are examined: 

 Q(P) control scheme [23]: reactive power is a linear 

function of the injected real power. This linear 

relationship between Q and P forces the PVs to operate 

with constant power factor. The corresponding 

characteristic curve is depicted in Fig. 2. PV systems 

with a lagging power factor absorb reactive power to 

mitigate the voltage rise due to increased real power 

injection. On the other hand, a leading power factor is 

applied to provide reactive power to the network and 

support the voltage profile under heavily loading 

conditions. 

 cosφ(P) control scheme [23]: this droop-based method 

is more generic and provides dynamic voltage 

regulation compared to the Q(P) control scheme since 

the power factor varies with respect to the injected real 

power improving reactive power compensation [23], 

[24]. It has been already adopted by some European 

Union grid codes [25]. The cosφ(P) characteristic is 

presented in Fig. 2. Note that, p1, p2, and p3 are the real 

power thresholds, cosφmin is the minimum power factor 

and pinj is the injected real power of the PV referred to 

nominal conditions.  

 Q(V) control scheme [26]: it is one of the most 

common dynamic decentralized voltage regulation 

methods, already incorporated in the Italian, North 

American and English grid codes [25]. The Q(V) droop 

characteristic is depicted in Fig. 3. In this control 

scheme, the reactive power of the PV systems is 

adjusted according to the voltage at the point of 

interconnection (POI) with the grid [25], [26]. Here, 

QV={V1, V2, V3, V4} is the set of the voltage 

thresholds, VPOI is the voltage at POI and Qmax is the 

maximum permissible reactive power of the PV unit 

[34].  
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FIGURE 2.  Q(P) and cosφ(P) control schemes. Negative sign indicates 
lagging power factor. 
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FIGURE 3.  Droop characteristic of the Q(V) control scheme. Negative 
sign indicates lagging power factor.  
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V. TECHNO-ECONOMIC ASSESSMENT 

The technical and economic assessment of the feasibility and 

viability of NEM policy in MV prosumers operating under 

different voltage regulation schemes is based on the 

calculation of a set of indicators described in the next sub-

sections. 

A. TECHNICAL INDICATORS 

In literature, two main indicators have been proposed to 

evaluate the sizing of the PV system according to the 

prosumer’s load profile. The self-consumption rate (SCR), 

evaluating the PV produced energy directly consumed on-

site, given by [35] 

C
SCR =

B+C
   (10) 

and the self-sufficiency rate (SSR), related to the load 
energy covered by the PV production, defined as 
follows [35] 




C
SSR

A C
    (11) 

where Α, Β, and C denote the load energy covered by the grid 

(import energy), the excess of the PV produced energy 

(export energy) and the self-consumed energy, respectively.  

B. INVESTMENT APPRAISAL INDICATORS 

The economic viability of the NEM policy is evaluated by 
calculating the net present value (NPV), the internal rate of 
return (IRR), the discounted payback period (DPP), the 
return on investment (ROI) and the levelized cost of 
electricity (LCOE) indicators. 

NPV stands for the difference between the present value of 

cash inflows and outflows over the system lifetime (N) and is 

calculated as follows [7]: 

1

1

( )(1 )

(1 )





 
  




nN
n n

o n
n

C OM f
NPV I

d
 (12) 

where Ιο denotes the capital investment cost; ΟΜn and Cn 

stand for the operation - maintenance and savings at year n, 

respectively; d is the discount rate and f denotes the inflation 

rate. In this work, the net value is the savings in energy 

billing due to the NEM policy. 

IRR estimates the profitability of the investment [7]. In 

particular, IRR is calculated in (13) by setting NPV equal to 

zero and solve (12) for the unknown IRR value of d as 

1

1

( )(1 )
0 0

(1 )






 
    




nN
n n

o nd IRR
n

C OM f
NPV I

IRR
 (13)

DPP is the required time period for the repayment of the 

original investment as results from (14) [7]. 

1

1

( )(1 )
0 0

(1 )






 
    




nDPP
n n

o nN DPP
n

C OM f
NPV I

d
(14)

ROI calculates the return of the investment compared to 

the initial cost and is given by [28] 

.
o

NPV
ROI

I
   (15)

Finally, LCOE is considered as the minimum constant 

price at which electricity must be sold in order to 

compensate the investment, and is calculated by (16) [8] 

   1 11 1 

 
     

 
N N

n n
o n n

n n

OM E
LCOE I

d d
 (16)

where Εn is the energy yield of the PV system at year n.  

VI.  DISTRIBUTION SYSTEM SIMULATION MODEL 

A. SYSTEM UNDER STUDY 

Annual quasi-static timeseries simulations of 1-h resolution 

(8760 samples) are conducted using the Open Distribution 

System Simulator (OpenDSS) software [36]. A modified 

version of the 33-bus benchmark distribution network [37] 

is used as shown in Fig. 4; the number in the brackets 

denotes the network node number. The voltage at the slack 

bus is considered equal to 1.05 pu. Two main groups of 

end-users are considered at the 32 network nodes. The first 

group consists of residential and commercial loads (denoted 

with black and grey colour respectively); details on the used 

normalized timeseries are provided in Section VI.B.1. The 

second group corresponds to the MV prosumers, i.e., the 

nine university campuses (denoted with blue colour). Given 

the load profile characteristics and rated real power (see 

Section VI.B.2.) of the MV prosumers, the rated real and 

reactive power of the residential and the commercial loads 

have been adjusted (see Table I) so that the load real and 

reactive power at node 1 of the modified network being 

equal to that of the original benchmark system. 

Additionally, nodes 5, 9 and 15 (denoted with green) 

contain PV power stations. PV systems operating under 

NEM apply to prosumers (denoted with blue), assuming 

varying rated power. The load and generation profiles at 

each node are obtained by multiplying the rated power of 

each load or PV unit with the corresponding normalized 

profile. 
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FIGURE 4. Single-line diagram of the examined network. 
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TABLE I  
LOAD REAL AND REACTIVE POWER OF THE MODIFIED NETWORK 

Node No. 
Real Power 

(kW) 

Reactive Power 

(kVAr) 

2 43.23 48.49 

3 38.91 32.33 

4 51.88 64.66 

5 25.94 24.25 

6 25.94 16.16 

7 86.47 80.82 

9 25.94 16.16 

11 19.46 24.25 

12 25.94 28.29 

13 25.94 28.29 

15 25.94 8.08 

17 25.94 16.16 

19 38.91 32.33 

20 38.91 32.33 

21 38.91 32.33 

23 38.91 40.41 

24 181.59 161.65 

26 25.94 20.21 

27 25.94 20.21 

28 25.94 16.16 

29 51.88 56.58 

31 64.86 56.58 

33 25.94 32.33 

 

B. LOAD TIMESERIES 

1) RESIDENTIAL AND COMMERCIAL DEMAND DATA 

Annual electricity profiles from the National Renewable 

Energy Laboratory (NREL) dataset are used. Specifically, 

electricity data of the West Coast region of USA are 

selected, since this region presents high resemblance to the 

Mediterranean climate [38]. In particular, fourteen 

residential and nine commercial load profiles are randomly 

applied to the network nodes. The corresponding 

normalized daily average profiles (24 samples) are 

summarized in Fig. 5. 

 

2) UNIVERSITY CAMPUSES DEMAND DATA 

The examined university campuses of DUTH are located in 

four cities of Thrace, i.e., Xanthi, Komotini, 

Alexandroupoli and Orestiada. Details regarding the 

capacity contract of each university campus, as well as the 

node of each campus connected to the modified 33-bus 

system are given in Table II. Aggregated daily electricity 

demand data for both the real and the reactive power of the 

nine DUTH campuses are recorded from January 2014 to 

December 2014 by using the online metering system of the 

Greek DSO [39]. In Fig. 6, the average daily demand 

profile of each campus is presented. It can be seen that 

campuses Komotini, Makri, Kimmeria and Q. Sophia 

present the highest demand; the rest five campuses present 

significantly lower demand level.  

  
FIGURE 5. Average daily demand profile of (a) residential load profiles, 
(b) commercial load profiles.  
 

TABLE II  

UNIVERSITY CAMPUS DATA 

Name of campus 

(City) 

Capacity 

contract 

(kW) 

Peak Load 

Demand 

(kW) 

Node 

No. 

Komotini 

(Komotini) 
1500 987 25 

Tsaldari 

(Komotini) 
500 165 14 

Makri 

(Alexandroupoli) 
1500 480 32 

Chili 

(Alexandroupoli) 
400 137 18 

Q. Sophia Str. 

(Xanthi) 
1300 310 8 

Dep. of Civil Eng.  

(Xanthi) 
1600 102 10 

Kimmeria  

(Xanthi) 
800 350 30 

Evripidou 

(Orestiada) 
1250 83 16 

Orestias 

(Orestiada) 
650 118 22 

C. PV TIMESERIES 

Regarding PV generation, the online calculation tool of [40] 

is used, allowing to perform simulations of the hourly 

power output from PV installations located anywhere in the 

world. Five different annual PV generation timeseries have 

been generated; one for each city (four in total) and one 

common for the PV power station generation (random 

location in Thrace region). In Fig. 7 the average daily 

power (scaled to 1 kW, i.e., 1 per unit (pu)) for each city of 

DUTH and the PV power stations are illustrated, assuming 
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35o tilt, 180o azimuth and 10 % total PV system losses. In 

general, all PV generation profiles are practically similar, 

since the examined PV systems are located at the same 

geographical region. 

 

   
FIGURE 6. Average daily demand profiles of DUTH campuses. 

 

  

FIGURE 7. Average daily production profiles. 

VII. RESULTS  
The proposed techno-economic assessment methodology is 

employed to evaluate the profitability of NEM policy in 

prospective MV prosumers. An investigation on PV 

optimal sizing, as well as on the effect of the PV cost and 

voltage regulation properties on the viability of the PV 

system is presented.  

A. TECHNO-ECONOMIC PARAMETERS 

A 21-year techno-economic analysis is performed, 
assuming d = 5 % and f = 2 %. Prosumers are charged with 
the electricity tariff described in Section III; the 
corresponding cost category prices, including VAT (6 %), 
are summarized in Table III. An additional fee of 992 € for 
the connection of the PV system to the grid is also taken 
into consideration [13]. PV system costs (including 24 % 
VAT) are presented in Table IV. In particular, the PV 
module cost (€/kWp) is given as a function of PV size, 
PVsize, according to the empirical formulae of (17). 

818.4 0.248 .  cost sizePV PV  (17)

Note that, (17) has been derived by applying linear 

interpolation to known PVsize – cost data sets, ranging from 

300 kWp – 0.6 €/W to 550 kWp – 0.5 €/W, respectively; 

the average PV module cost is 550 €/kW. Additionally, the 

annual growth of the load demand and the annual PV 

degradation are considered, assuming 1 % and 2 % rate, 

respectively. Finally, the properties of the examined voltage 

regulation strategies are summarized in Table V.  

 
TABLE III  

TARIFF CHARGES OF THE ELECTRICITY TARIFF SCHEME 

Type of Cost € / kWh 

ΑEFC  0.074677 

BEFC  0.0588088 

UCvc  0.003074 

UCOC 0.0000742 

UCGhT 0.0093068 

UCSGI 0.018974 

Type of Cost € / kW / month 

CPF 7.0596 

UC  1.40874 

UCfc 1.24974 

 
TABLE IV  

PV SYSTEM COST ANALYSIS 

Type of Cost € / kWp 

PV Module Eq. (17) 

Inverter 350 

Balance of System 65 

Installation & 

Administrative 
115 

O&M 3 % (of the overall cost) 

 
TABLE V 

VOLTAGE REGULATION PROPERTIES 

Q(V) cosφ(P) Q(P) 

V1 (pu) 0.95 ±cosφmin ±0.85 

±cosφmin ±0.85 
V2 (pu) 0.96 p1 (pu) 0.12 

V3 (pu) 1.04 p2 (pu) 0.5 

V4 (pu) 1.05 p3 (pu) 0.88 

 

B. OFF-GRID ANALYSIS 

An initial estimate of the impact of PVsize on the viability of 

the NEM scheme for the nine DUTH campuses is performed 

by means of off-grid simulations. First, the technical 

indicators are computed by varying PVsize from 50 to 

1000 kW. Note that, according to the Greek 
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legislation [11], [13], PVsize for MV prosumers can reach up 

to 100 % of the installation capacity contract; however, it 

cannot exceed 1000 kWp. In the off-grid analysis, the 

imported and exported energy to the grid are calculated by 

employing only the corresponding campus demand and PV 

timeseries. Figs. 8(a) and 8(b) demonstrate the SCR variation 

against PVsize for the 1st and 21st year of the investment, 

respectively. It can be generally deduced that, for all 

campuses SCR is a decreasing function of PVsize. For 

campuses presenting high demand, e.g., Komotini and Makri, 

high SCR is generally observed. On the contrary, for 

campuses with low demand, i.e., Tsaldari, Chili, Dep. of 

Civil Eng., Evripidou and Orestias, high SCR values are 

obtained only for PVsize lower than 200 kW. By comparing 

the SCR results of Figs. 8(a) and 8(b), it can be realized that 

the SCR for the 21st year of the investment is higher 

compared to the corresponding of the 1st year. This is 

attributed to the higher rate of PV module degradation than 

the annual load demand growth. Accordingly, in Fig. 9(a) 

and 9(b) the SSR variation against PVsize is presented for the 

1st and 21st year of the analysis, respectively. It should be 

indicated that the findings of the SCR apply also for SSR. 

 

 

FIGURE 8. SCR as a function of PVsize. Results for the (a) 1st and (b) 21st 
year of the analysis. 

 

 

FIGURE 9.  SSR as a function of PVsize. Results for the (a) 1st and (b) 
21st year of the analysis. 

 

The SCR and SSR analyses reveal that under certain 

conditions NEM may become attractive. Therefore, at the 

next step the viability of the PV system is examined by 

means of the investment appraisal indicators. In Fig. 10, the 

variation of the NPV against PVsize is analyzed.  Results are 

grouped to campuses presenting low (Fig. 10(a)) and high 

(Fig. 10(b)) demand, respectively. Note that, the PVsize is 

assumed ranging from 50 kW to values yielding positive 

NPV. It can be generally seen that NPV increases with the 

PVsize up to a certain extent; for higher values, NPV starts 

decreasing. This is attributed to the additional PV system cost 

that cannot be depreciated, since the excess of the produced 

energy is not compensated at the end of the netting period. 

Fig. 11 illustrates IRR as a function of PVsize. In the same 

figure the discount rate limit is also provided. Results show 

that IRR is generally a decreasing function of PVsize. For ΙRR 

higher than d, NPV is positive, thus the investment is viable. 

On the contrary, for IRR lower than d, NPV becomes 

negative and the investment is not considered profitable. 

 

 

 

FIGURE 10. NPV as a function of PVsize for campuses with (a) low and 
(b) high demand levels. 
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FIGURE 11. IRR as a function of PVsize.  
 

The variation of DPP is presented in Fig. 12. Generally, 

DPP increases with PVsize. It should be also indicated that, 

for all examined cases DPP acquires values higher than 10 

years. Additionally, the variation of the corresponding ROI 

against PVsize is illustrated in Fig. 13. It is evident that ROI is 

a decreasing function of PVsize. For cases that the investment 

is considered viable, ROI becomes positive and vice versa. 

 

 

FIGURE 12. DPP as a function of PVsize.  
 

 

FIGURE 13. ROI as a function of PVsize.  
 

Finally, in Fig. 14 LCOE is calculated for the cities of 

Xanthi, Komotini, Alexandroupoli and Orestiada. It is shown 

that LCOE decreases almost linearly with PVsize, due to the 

higher annual produced energy. This linear behavior is 

associated with the PV cost variation against PVsize, as 

determined by (17). Comparative analysis for the four cities 

shows that Xanthi yields the lowest LCOE; this is evident, 

since according to Fig. 7 this case corresponds to the highest 

PV production. Moreover, it can be realized that grid parity 

in Xanthi is achieved for all PVsize cases by comparing the 

values of Table III with LCOE. However, in Alexandroupoli 

Komotini and Orestiada the grid parity is achieved when 

PVsize is higher than 65 kWp, 80 kWp and 270 kWp, 

respectively. 

 

 

FIGURE 14. LCOE as a function of PVsize.  
 

1) OPTIMAL PV SIZING 

Based on the results of Fig. 10, it can be deduced that the 
adopted NPV analysis against PVsize can be used as an 
exhaustive search optimization procedure to determine the 
optimal PVsize in terms of maximizing the prosumer’s 
profitability [31], [32]. 

In this context, the resulting NPV and DPP calculations 

are summarized in Table VI for all examined campuses. 

Results are also compared to those obtained by applying a 

simplifying approach. In this approach, the PVsize is 

determined by equalizing the PV energy production (EPV) 

with the corresponding demand (Edemand). This assumption is 

based on the fact that any excess of energy is not 

compensated at the end of the netting period [13]. It is shown 

that for campuses presenting high demand NPV is indeed 

maximized when the generated energy tends to become equal 

to prosumer’s demand [13]. The average repayment period 

for these campuses is ~15 years, i.e., within the expected 

range regarding investments related with primary distribution 

grids. However, this is not evident for campuses presenting 

low demand, since prosumer’s profit for the examined 

investment lifetime period cannot result into a full (Evripidou 

and Orestias) or significant (Tsaldari, Chili and Dep. of Civil 

Eng.) repayment of the capital investment. 
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TABLE VI 

NPV AND DPP FOR DUTH CAMPUSES 

Campus 
Maximum NPV ΕPV = Edemand 

PVsize (kW) NPV (€) DPP (years) PVsize (kW) NPV (€) DPP (years) 

Komotini 1000 604,900 10.94 1000 604,900 10.94 

Tsaldari  110 21,722 16.53 213 4,024 20.47 

Makri  950 328,430 13.82 925 323,549 13.79 

Chili  100 42,595 13.66 197 30,827 17.41 

Q. Sophia Str. 510 184,502 14.05 504 184,425 14 

Dep. of Civil Eng.  70 27,645 14 151 13,385 18.82 

Kimmeria 480 128,595 15.3 490 128,468 15.4 

Evripidou 50 8,579 17.12 128 -10,268 21+ 

Orestias 60 17,169 15.27 177 -10,073 21+ 

 

2) EFFECT OF PV MODULE COST 

The effect of the PV module cost is of primary importance 

for the techno-economic assessment of the NEM policy 

viability. Technological advancements and the growing 

global solar module demand lead to a continuous PV market 

price reduction [40]. In this context, the average PV module 

cost in the range of 50 kW to 1000 kWp is assumed equal to 

550 €/kW (original case), 525 €/kW (4.5 % reduction) and 

500 €/kW (9.1 % reduction). Note that, for the last two cases 

proper modifications to (17) have been applied.  

 

 

FIGURE 15. NPV as a function of PVsize for various PV module costs for 
campus of (a) Komotini, (b) Makri, (c) Kimmeria and (d) Evripidou.  
 

In Fig. 15, the NPV variation against PVsize is illustrated 

indicatively for the campuses of Komotini, Makri, Kimmeria 

and Evripidou. It is evident that NPV increases with 

decreasing PV module cost. Specifically, by analyzing the 

calculated NPV for all campuses, it can be deduced that a 4.5 

% cost reduction results into an increase of the maximum 

NPV in the range of 7.46 % to 26.30 %. Doubling the cost 

reduction to 9.1 % yields an increase of the maximum NPV 

in the range of 14.92 % to 55.85 %. Generally, the lower 

NPV increase is observed for Komotini, i.e., the campus 

presenting the highest demand. On the other hand, the most 

significant increase profit is recorded for Evripidou, i.e., the 

campus presenting the lowest demand. Considering the 

results for all nine campuses, it can be deduced that for the 

majority of the campuses as the PV module cost decreases 

the optimal PVsize (knee of NPV curve) increases compared to 

the original case (see Table VI). 

C. EARLY-STAGE SCENARIO 

1) QUASI-STATIC SIMULATIONS 

The off-grid analysis provides useful information regarding 

the cost-efficiency of the NEM policy in MV prosumers. 

However, in order to accurately evaluate the viability of the 

investment, also the network topology as well as the effect of 

the PV operational properties should be also considered in 

the analysis. In this context, the techno-economic assessment 

is combined with quasi-static simulations. 

The quasi-static analysis is performed by using the 

simulation model of Fig. 4. A network configuration 

characterized by low PV penetration, namely, early-stage 

scenario, is examined. In particular, the PVsize of the three PV 

stations is 100 kW. The PVsize of the campuses is varied 

individually from 50 to 1000 kW; for each case the PVsize of 

the remaining eight campuses is equal to the optimal one as 

derived by the off-grid calculations (Table VI). Note that, 

network operation is achieved without violating the 

minimum (0.95 pu) and maximum (1.05 pu) permissible 

voltage limits [42]. The PV module cost is calculated 

according to (17). The application of Q(V) voltage regulation 

to campus PV systems and PV power stations, as the most 

commonly used, is examined assuming QV1={0.95 pu, 

0.96 pu, 1.04 pu, 1.05 pu}. Results are compared to those 

obtained for the business-as-usual case, namely, ‘Unity 

Power Factor’ (UPF), i.e., no control strategy is incorporated 

to PV systems.  

SCR and SSR calculations for both control strategies are 

similar to those shown in Figs. 8(a), 8(b), 9(a) and 9(b), thus 

are not presented. This is due to the fact that the prosumer’s 

real power is not influenced by the Q(V) voltage regulation 
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TABLE VII 

NPV ACCORDING TO Q(V) METHOD FOR DIFFERENT VOLTAGE THRESHOLDS 

Campus 
PVsize 

(kW) 

NPV (€) Difference (%) 

QV1 
QV2={0.95 pu, 0.97 pu, 

1.03 pu, 1.05 pu} 

QV3={0.95 pu, 0.98 pu, 

1.02 pu, 1.05 pu} 

Komotini 1000 604,486 -1.06 -3.71 

Tsaldari 110 21,805 +0.38 -0.05 

Makri 950 325,832 -0.54 -1.71 

Chili 100 42,887 +0.56 +1.09 

Q. Sophia Str. 510 184,465 -0.76 -4.46 

Dep. of Civil Eng. 70 27,646 -0.06 -0.79 

Kimmeria 480 128,428 -0.41 -1.70 

Evripidou 50 8,572 -0.22 -1.05 

Orestias 60 9,942 -46.83 -65.08 

 

scheme. Moreover, UPF results practically coincide with 

those obtained by the off-grid analysis. The difference in 

NPV and IRR between the control strategies is depicted in 

Figs. 16 and 17, respectively. In these figures, results are 

presented for cases of PVsize yielding positive NPV under the 

UPF method. It can be deduced that significant differences 

are observed mainly for the Orestias campus, since NPV for 

UPF is significantly higher than that of Q(V) (reaching ~16k 

€). In particular, the mean power factor for the UPF and 

Q(V) methods is 0.91 and 0.65, respectively. In this sense, 

the electricity charges under the Q(V) control are higher 

yielding decreased investment profitability and IRR. 

Regarding DPP and ROI, corresponding differences have 

been observed for the two control strategies; results present 

the same behaviour as those shown in Figs. 12 and 13, 

respectively, thus will not be presented. Finally, note that, 

LCOE depends on the total energy yield of the PV system 

during the lifetime of the investment as well as on the PV 

geographical location. This implies that LCOE remains 

constant, regardless the operational conditions. 

 

 

FIGURE 16. NPV difference as a function of PVsize. 
 

2) EFFECT OF Q(V) OPERATIONAL PROPERTIES 

The annual voltage at node No. 22 of Orestias campus 

presents a variation between 1.04 and 1.05 pu for the 95 % of 

the year. This necessitates a significant absorption of reactive 

power for voltage regulation in terms of the Q(V) operational 

properties, influencing the net reactive power of the 

prosumer; hence, its energy billing. 

In this context, in Table VII the impact of the Q(V) voltage 

regulation properties on the prosumer’s NPV is analyzed for 

cases QV1, QV2 and QV3 and the % differences with 

reference to QV1 are calculated. Details on QV2 and QV3 are 

given in Table VII. Simulations are performed assuming the 

optimal PVsize (Table VI). In general, as the Q(V) voltage 

deactivation range V2 to V3 decreases, the NPV for the 

majority of the campuses decreases. In this sense, significant 

impact on NPV is mainly observed for Orestias campus; 

differences can be also indicated for Komotini and Q. Sophia 

Str. for QV3. It should be noted that, contrary to most of the 

examined cases, a beneficial economic impact of the 

application of Q(V) is observed for the Chili campus as the 

voltage range decreases. This is attributed to the fact that 

Q(V) regulation improves the prosumer’s power factor. 

 

 

FIGURE 17. IRR difference as a function of PVsize. 

D. HIGH PENETRATION SCENARIO 

Next, the high PV penetration scenario is examined. The 

PVsize of the three PV power stations is 700 kWp and 

voltage violations occur; thus, the application of voltage 

regulation strategies to PV systems is important. 

Quasi-static analysis is performed by examining the 
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cosφ(Ρ), Q(P) and Q(V) controls. To demonstrate in detail 

the effect of the voltage regulation methods on NPV, 

comparisons are carried out by employing the difference in 

NPV as follows: 

(€)  cosφ(Ρ)/Q(P) Q(V)diff NPV NPV  (18)

Results are summarized in Fig. 18, revealing that the same 

optimal PVsize is obtained for all control strategies. Note that, 

by applying the voltage control strategies network voltages 

are maintained within the permissible limits. However, 

generally differences in NPV can be observed; the highest 

NPV for most of the cases is obtained by applying the Q(V) 

control strategy. This is not the case for Orestias, Evripidou 

and Tsaldari campuses, since the application of the cosφ(P) 

control results into higher power factor, thus being the most 

profitable. Based on the above, it can be concluded that both 

the network and the prosumer’s operational properties 

influence significantly the campus power factor and 

consequently the viability of the NEM policy. 

 

 

FIGURE 18. diff(€) as a function of PVsize. 

The cost-efficiency of the NEM policy between the ‘high 

penetration’ and the ‘early-stage’ scenarios is compared in 

Fig. 19. In particular, the difference between the maximum 

NPV calculated for the cosφ(Ρ), Q(P) and Q(V) controls for 

the ‘high penetration’ scenario and the maximum NPV for 

the UPF (reference) for the ‘early stage’ are presented in 

Fig. 19(a). The corresponding difference assuming Q(V) 

control (for set QV1) of the ‘early stage’ as reference are 

presented in Fig. 19(b). It is evident, that the increased PV 

penetration yields lower profits to prosumers incorporating 

voltage regulation controls. This is attributed to their 

activation to mitigate relevant network voltage violations. 

Note that, the positive % differences observed in Fig. 19(b) 

are associated to the lower NPV of Orestias campus, when 

Q(V) method is employed. 

VΙII.  CONCLUSIONS 

The present work introduces a generalized methodology 

that provides the means for assessing the viability of the  

 

 

FIGURE 19. Differences (%) of maximum NPVs with reference to (a) UPF 
and (b) Q(V) method. 

 

NEM policy in MV prosumers. This was achieved by 

combining techno-economic analysis with quasi-static 

simulations, improving the accuracy of the evaluation. By 

using the proposed methodology, an investigation of the 

effect of the PV size, PV cost, voltage regulation control  

strategy and relevant operational properties on the viability of 

the NEM policy has been conducted. The developed code in 

MATLAB of the proposed methodology and the data used in 

Section VII are available in [43]. 

The application of the proposed methodology to university 

campus prosumers under the NEM policy in Greece has 

shown that:  

1) NEM policy may constitute a very profitable  

investment, especially for MV prosumers presenting 

high demand. This is not the case for MV prosumers 

presenting generally low demand. In these cases, the 

revenue of the prosumer during the lifetime period is 

not significant compared to the investment capital cost. 

2) The decreasing trend in PV system costs eventually 

improves the cost-efficiency of the NEM investment 

and also influences the optimal PV sizing; especially 

for prosumers presenting low demand.  

3) Optimal PV sizing for prosumers presenting high 

demand can be generally determined by applying a 

simplified approach in terms of equalizing prosumer’s 

produced and consumed energy. However, for 

prosumers presenting low demand, a more generic 

method must be followed in terms of NPV 

maximization. The above off-grid analysis approaches 

provide a good estimate of the optimal PV size, 

especially when no control strategy is incorporated to 

PV systems. This is not the case, when voltage 

regulation control methods are applied to the 
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prosumer’s PV system. In such cases, the accurate 

techno-economic viability assessment necessitates the 

calculation of the net energy export / import by means 

of quasi-static simulations, incorporating the real-world 

operational properties of the distribution network. 

4) The operational properties of voltage regulation 

methods can influence the economic viability of NEM 

policy. It was found that as the voltage activation range 

widens, the NPV for the majority of the campuses 

decreases. 

5) The increasing DG penetration in distribution networks 

may reduce prosumer’s net income, due to the 

activation of the voltage regulation controls to mitigate 

possible voltage violations.  

6) The comparative analysis of the Q(P), cosφ(P) and 

Q(V) voltage regulation techniques generally revealed 

that, the application of the Q(V) method results into the 

most beneficial economic impact. 

7) Future support mechanisms should offer incentives to 

the prosumers for the provision of ancillary services, 

e.g., reactive power support to the grid, to facilitate and 

further promote the installation of RES. 

APPENDIX 

A. SUPPLY CHARGES 

CE is calculated according to 

   
A BE EF A EF BC C E C E .             (A1) 

Furthermore, CP is calculated using either (A2) or (A3). Pmax 

is the peak demand during the day, CPF is the power charge 

factor, and P´max is the peak demand during the working day 

hours (7:00-23:00). Finally, BPD is the number of the billing 

period days. 

max1.18

30

  
 PF

P

P C BPD
C              (A2) 

max .
30

  
 PF

P

P C BPD
C              (A3) 

The selection between (A2) and (A3) is made by the value of 

the customer utilization factor (UF) which is calculated as 

follows 

max24


 

E
UF

BPD P
             (A4) 

where E denotes the total consumed energy within the billing 

period (EA+EB). In case UF is less than 0.30, CP is calculated 

by means of (A2), while for the rest of the cases according to 

(A3).  

 

 

 

B. REGULATED CHARGES 

CTN covers the expenses regarding the operation, 

maintenance, and development of the transmission system 

as 

  max'
.

30
TN

UC P BPD
C

 
            (A5) 

CDN covers the expenses regarding the operation, 

maintenance, and development of the distribution system and 

is calculated as 

max

30 cos

  
 

fc vc

DN

UC P BPD E UC
C

φ
    (A6) 

where P´´max is the maximum peak demand during 

11:00-14:00 of all days of the billing period, UC is the 

energy charge, UCfc is the standard fee, UCvc the variable 

charge and cosφ the averaged measured power factor. The 

CGhT, CSGI and COC are calculated by (A7), (A8) and (A9), 

respectively. 

 GhT GhTC UC E             (A7) 

 SGI SGIC UC E             (A8) 

 OC OCC UC E             (A9) 

where UCGhT, UCSGI, and UCOC are the CGhT, CSGI and COC 

charges (€) per kWh, respectively. 

C. MUNICIPAL FEES AND TAXES 

The municipal fees (CMF) and municipal taxes (CMT) are 

calculated by means of (A10) and (A11), respectively. 

Cmunicipal is obtained by adding also to the above charges the 

VAT. 

365

 
 MF

MF

S K BPD
C            (A10) 

365

 
 MT

MT

S K BPD
C             (A11) 

where S is the surface of the installation and ΚMF, ΚMT are 

auxiliary fixed factors. 
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