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Abstract—In isolated electricity networks the penetration of 
renewable energy sources offers, among others, the advantage of 
distributed electricity. At the same time, as penetration levels 
increase, controls and regulations need to be imposed in order to 
alleviate rising grid integration issues. Some of these can be 
prevented through the use of dynamic tariffs enabling Demand 
Side Management. In this work, a new tool for the optimization 
of dynamic tariffs is developed. This is based on statistical 
analysis of the consumption profiles and optimization 
procedures, aiming to derive the most appropriate Time-of-Use 
(ToU) tariffs. The consumption profile analysis performed on 
three hundred prosumers in Cyprus showed strong correlation 
between the measured and the average consumption profiles 
while the self-consumption rate of existing prosumers is 
averaged to 30%. The developed dynamic ToU blocks in 
comparison with the load curve exhibit a mean absolute 
percentage error and root mean square error of 6.22% and 
12.32%, respectively.  

Index Terms-- Demand side management, net metering, 
photovoltaics, time-of-use tariffs. 

I. INTRODUCTION 
The increasing integration of renewable technologies and 

particularly grid-connected photovoltaic (PV) systems at the 
low voltage (LV) network, offers the advantage of distributed 
electricity generation. However, this does not remedy the 
problem of intermittency and grid stability issues for cases 
with weak correlation between the electricity demand and 
production profile from PV. Grid stability issues that are 
attributed to renewable energy sources (RES) integration can 
be mitigated through advanced demand side management 
(DSM) schemes which aim to levelise peak demands. Along 
these lines various DSM schemes have already been applied in 
different countries such as the USA, China and Germany for 
this purpose [1]–[5]. The main DSM schemes include 
application of energy storage systems (ESS) and price-based 
DSM. 

Currently, ESS is a popular way to enable DSM for the 
commercial and domestic sector and is used in order to 
levelise and shape consumption profiles. At communal scale 

DSM can further be achieved with the application of Plug-in 
Electric Vehicles (PEV) and smart algorithms that control the 
bi-directional energy flow (grid-vehicle and vehicle-grid) at 
the distribution level.  

Alternatively, price-based DSM can be used at domestic 
and commercial levels and can provide benefits to both grid 
utilities and consumers. In particular, through price-based 
DSM, utilities are able to better utilize the grid and to reduce 
the operating and maintenance costs because of the levelised 
consumption. Furthermore, this offers the advantage to 
consumers of lower electricity bills at different time periods.  

In this work, the methodology followed to develop a 
dynamic tariff tool is outlined, in the scope of achieving 
optimum dynamic tariffs and thus improved DSM. In 
particular, the implementation of the dynamic price-based 
DSM tool was accomplished from the extensive analysis of 
consumption profiles, electricity production of 3 kWp PV 
systems, billing periods, tariff rates and compensation of 
collected renewable energy credits (REC) for a large amount 
of households in Cyprus [6]. Furthermore, the self-
consumption rate and the correlation between average 
consumption profiles, from an average 400,000 domestic 
consumers as obtained from the Electricity Authority of 
Cyprus (EAC), and the measured profiles of three hundred 
prosumers in Cyprus was derived for the winter season. 
Subsequently, a preliminary dynamic tariff tool was 
implemented in this work, in the scope of optimizing the self-
consumption rate of households based on DSM schemes. 

II. BACKGROUND THEORY 
Price-based DSM programs offer an alternative to the 

traditional flat tariffs and comprise of Critical Peak Pricing 
(CPP), Real-Time Pricing (RTP) and Time-of-Use (ToU) 
tariffs [7], [8]. Amongst the different schemes, ToU tariffs 
are commonly preferred because the price of energy 
consumption is fixed for different periods of the day in 
contrast to other price-based DSM programs where the price 
fluctuates following the real time cost of electricity [7], [8]. 
In addition, consumers and utilities have the advantage of 
risk-averse attitude to price uncertainties due to mainly fuel 
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price adjustments. In this respect, most residential consumers 
need to upgrade their appliances with automated smart 
controllers to defer their operation during high prices [7], [9], 
[10]. 

The development of an efficient DSM system offers the 
advantage of generation cost reductions for grid utilities and 
the increase of operational efficiency. In effect, fewer 
balancing issues are expected to arise and thus lower 
transmission and distribution (T&D) investments are required. 
However, in order to achieve a balanced DSM scheme the 
existing flat tariffs need to be transformed to ToU tariffs, in 
order to provide the necessary monetary incentives for 
domestic consumers to invest in smart appliances for 
effectively managing their loads. Another important 
consideration is the prospect of providing consumers the 
opportunity to have a dynamic role in energy generation and 
also allowing self-evaluation of daily energy habits. In this 
way, consumers become also producers, collectively defined 
as “pro-sumers” (producers-consumers), who contribute to the 
energy mix and at the same time reduce their consumption by 
a fair amount through smart energy management. 

Even though, ToU tariff schemes offer the advantage of 
price certainty, the effectiveness of such tariff schemes must 
be verified prior to implementation because of the eminent 
high risk of a new peak appearing through load shifts at 
cheaper price periods, posing negative effects on the optimal 
operation of the system [1], [11]–[14]. 

III. PROSUMER FEATURES 
In support of this work, three hundred prosumers in Cyprus 

have been selected through the implementation of the 
SmartPV project (http://www.smartpvproject.eu/), in order to 
acquire real-life information of the consumption and 
production profiles and to identify the potential problems and 
limitations of the existing energy policy. All participating 
prosumers are geographically spread in Cyprus, in order to 
cover different socio-geographical situations, with 2/3 of 
prosumers residing in urban areas and 1/3 in rural areas. In 
addition, prosumers were selected based on their total yearly 
electricity consumption (in kWh) in relation to a typical 
energy production from a 3 kWp grid-connected PV system 
as applies with the existing net-metering scheme for 
households in Cyprus.  

In addition, the prosumers can monitor their energy habits 
with the use of different monitoring devices. For 100 
prosumers In-House Displays (IHDs) were installed at their 
households, while others have access either to a web 
application or receive information about their energy habits 
through the traditional bi-monthly mail bill. This enables in-
depth examination of the prosumer energy behavior changes 
using different monitoring accessibilities. The provided 
average consumption profiles of all the prosumers will be 
examined over a six month period with a traditional flat tariff 
charge and for a yearly period with price-based DSM.  

IV. METHODOLOGY 
The development of a dynamic ToU tariff tool to enable 

price-based DSM relies strongly on the analysis of the basic 
input parameters such as electricity demand and PV 

electricity production profiles. The correlation between the 
electricity demand and production profiles forms the basis for 
the design of the price-based DSM scheme. Consumption and 
production data acquired from the three hundred prosumers 
will be used to optimize the dynamic ToU tariff algorithm for 
the case of Cyprus. 

The first step in the development of the algorithm was to 
identify the maxima and minima for the power consumption 
periods of the provided average domestic consumption 
profiles, an approach already implemented and verified 
elsewhere [15].  The load duration curve of the provided 
average domestic consumption profile in Cyprus for each 
season was analyzed in order to identify the inflection points. 
More specifically, the different inflection points of the curve 
represent the various load segments which were used in order 
to obtain the probability density function (PDF) (at a 95 % 
confidence interval). The PDF of each segment represented 
the ToU block period for the implemented tool. The dynamic 
tariff tool developed from the above statistical analysis is 
capable of deriving the TOU blocks based on the 
identification of the maximum and minimum consumption 
segments. The mean absolute percentage error (MAPE) and 
root mean square error (RMSE) between the TOU block 
periods and the load curve were 8.65 % and 19.95 %, 
respectively. 

In order to better approach the load curve and minimize 
the RMSE a more accurate and functional algorithm was 
developed which is independent of the load duration curves. 
Optimization methods were used in combination with the 
statistical results. More specifically, the statistical output ToU 
block period is used as the initial condition of the 
optimization procedure which is simulated using Matlab 
Optimization ToolboxTM. In this case, the ToU block is 
directly compared with the load curve rather than extracting 
the ToU block from the load duration curve. The objective 
function of the optimization procedure minimizes the RMSE 
as described by (1).  

 RMSE ൌ ටଵ௡ ∑ ሺܾܷܶ݋௞ െ ௞ܲሻଶ௡௞ୀଵ   

where ܾܷܶ݋௞ is the derived block period, ௞ܲ is the load 
profile and ݊ is the total sampling interval. Based on this 
equation, ܾܷܶ݋௞  is the variable to be optimized and changes 
according to the desired levels. To achieve this, the developed 
optimization tool uses a hybrid optimization function. In 
particular, simulated annealing [16] and pattern search [17] 
are the two solvers used to derive the optimum result. 

Beyond the identification of the ToU block period, the 
dynamic ToU tariff tool calculates the electricity bill based on 
the ToU tariffs set by the user and finds the optimized ToU 
tariffs based on international practices. The optimized ToU 
tariffs are calculated using the well-known fmincon solver 
[18] which finds a constrained minimum of a scalar function 
of several variables. The computation of the electricity bill is 
based on the ToU block period, the ToU tariffs and the 
associated load curve.  

Consequently, two different methodologies were followed 



to derive the final ToU block period: a) com
analysis using the load duration curve and
methods applied to the load curve.  

Finally, the optimized ToU tariffs 
resulting to the total electricity bill based on
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TABLE I.  CALCULATION OF SELF-CONSUMPTION POWER. 

Consumption (kW) 19.36 
PV production (kW) 10.14 
Import (kW) 16.46 
Export (kW) 7.24 
Self-Consumption (kW) 2.90 

 
The average self-consumption power for the participating 

prosumers is calculated to be 2.90 kW hence, about 28 % of 
the energy produced is directly consumed on site while the 
remaining energy is exported to the grid. 

 
VI. CONCLUSIONS 

In this work, the need for the development of DSM 
schemes was initially demonstrated through the comparison of 
the typical household electricity demand with the electricity 
generated by a 3 kWp rooftop grid-connected PV system. 
Subsequently, a new tool for the optimization of dynamic ToU 
tariffs has been developed based on two different methods, in 
order to promote effective DSM practices in the electricity 
network of Cyprus. This is based on statistical analysis of the 
provided average consumption profiles and optimization 
procedures, aiming to derive the most appropriate ToU tariffs. 
The statistical method showed a MAPE and RMSE of 8.22 % 
and 19.95 %, respectively, by comparing the resulted ToU 
blocks and load curve. On the other hand, the optimization 
method resulted a MAPE and RMSE of 6.22 % and 12.32 % 
respectively, proving the effectiveness and increased accuracy 
of the optimization method. In addition, energy data-sets have 
been collected from participating prosumers before the 
application of the ToU tariffs and comparisons between 
measured and provided average consumption data was made. 
The results indicated strong correlation between the two 
profiles while the average self-consumption rate with the 
existing net metering scheme is about 28 %. This is a subject 
to change after the application of the ToU tariffs. 
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