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Executive Summary
Demand Side Management (DSM) actions have been reviewed as a way to derive the
optimum net metering policies for increasing the penetration of photovoltaics (PV) in the
energy mix of Cyprus in a WIN WIN solution. The Time-of-Use (TOU) tariff scheme was
reviewed identifying the benefits and limitations. Different TOU practices were studied in order
to find the optimum way for deriving the appropriate TOU tariffs for the case of Cyprus.
A two-step method was followed to develop the optimum dynamic TOU tariff tool capable to
affect the energy behaviour of the customers. The results from the dynamic tariff tool for the
case of Cyprus were presented based on the historical data collected from the Electricity
Authority of Cyprus (EAC) while a model validation will subsequently be performed with
datasets collected from the pilot sites. The root mean square error between the two methods
demonstrates the effectiveness of the procedure followed while the corresponding TOU tariffs
are presented for all the seasons (winter, summer and middle).
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Demand Side Management and Dynamic Time of Use (TOU) Tariff
Tool development
The traditional power grid landscape consists of centralized generation, where energy is
pushed one-way through Transmission and Distribution (T&D) networks to end-users while
any information flow is from lower voltages to main operational centres (Figure 1). Currently,
the development of wind and Photovoltaic (PV) plants, distributed renewable energy
generation, distribution energy storage, plug-in electric vehicles (PEV) etc converts the
standard centralized system into a decentralized system where both power and information
flow in a bidirectional way (Figure 2).

Figure 1. Power and information flow in a traditional power network.

Figure 2. Power and information flow under smart grids.

It is therefore essential to upgrade and modernize the electricity grid which will result in
increasing the efficiency of electricity production, the use of grid assets, decreasing carbon
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footprint and making the whole network more reliable and secure. New technologies are
currently developing that enable the so called smart grid. Even if there is no clear definition of
smart grids, according to [1], [2] “A smart grid is an electricity network that can intelligently
integrate the actions of all the users connected to it – generators, consumers and those that
do both in order to efficiently deliver sustainable economic and secure electricity supplies.” As
a result, the main drivers behind smart grid are capacity, reliability, sustainability, efficiency
and customer engagement. Worldwide, the electricity consumption is rising which
corresponds to higher electricity capacity networks. In addition to this, with more electric
vehicles in use, advanced changes will be needed even in the most developed countries. At
the same time, another big issue is reliability which must be ensured. Electronic devices and
advanced systems such as Supervisory Control and Data Acquisition (SCADA) might help to
prevent failures and accidents. The deployment of smart grids may ensure a sustainable
development of the future power networks through high RES penetration, grid
interconnections and correct Demand Side Management (DSM) programmes. Efficiency is
also an important factor since highly efficient systems operate at lower operational costs and
deterioration rates. Efficiency concerns two main elements, losses and how the grid assets
are used. Losses may depend on the load shape in the system, for example, partially loaded
transformers are less efficient so it is desired for the system to operate at near capacity level.
Finally, the active role of consumers shall enable DSM helping to reduce the peak load thus,
decreasing the required capacity and at the same time increasing the overall efficiency of the
network.
Next, an overview of DSM programmes and techniques will be presented with a more in-depth
analysis as concerns the scope of this project.

1 Demand Side Management (DSM)
Someone could say that DSM is driven by the utility side through some attractive programs;
however, it can also be suggested that DSM is driven by the customer side as it is the
consumer who decides to apply DSM or not. DSM includes everything that is done on the
demand side of an energy system, starting from exchanging old incandescent lamps to new
energy efficient Light Emission Diodes (LED) up to installing a sophisticated dynamic load
management system. The main DSM programs are the conservation and energy efficiency,
and consumer load management. In terms of this project, the latter will be analysed and a
dynamic tariff will be developed to encourage prosumers for DSM.
Through DSM the load shape of different consumers can be changed to fulfil different
requirements such as peak clipping, valley filling, load shifting, strategic conservation etc. [3]
(Figure 3). A combination of load shaping can be used to enable the load shape to follow the
generation as close as possible. Another ability given through DSM is to flatten the shape in
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order to decrease the amount of assets needed to fulfil maximum demand and to increase the
load factor thus, the efficiency of the system.

Figure 3: Changes on load profile through DSM.

As it was mentioned earlier, in this project a price-based DSM will be deployed. In this regard,
Critical-Peak Pricing (CPP), Time-Of-Use pricing (TOU) and Real-Time Pricing (RTP) are
among the most popular options. For the purposes of this project TOU tariffs will be utilized
for residential households. More precisely, 300 prosumers will be selected to participate. Two
smart meters will be installed on the premises of 50 to 100 prosumers in order to measure
their PV production and energy consumption. Additionally, In-House-Displays (IHD) will be
fitted inside their households to enhance their participation based on nearly on-line information
for their energy use.
Below, the concept, benefits and limitations of the TOU program will be presented.

1.1 Time-Of-Use (TOU) tariff
TOU programs reflect the higher cost of supply during peak periods and the lower cost during
off-peak periods. This gives the potential to prosumers to shift demand from peak to off-peak
periods or simply reduce peak demand, with both cases eventually to reduce system cost and
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improve system efficiency. This program is a price-schedule tariff which means that a contract
between the supplier and prosumer is made. The prices may not change on a frequent basis
providing certainty to all the involved stakeholders about the price of energy consumption at
different periods of the day. Therefore, prosumers and utilities get the advantage of risk-averse
attitude to price uncertainties due to fuel price adjustments, etc. [4], [5].
The TOU tariff is a well-known program and is extensively used worldwide. Although, due to
the diversity of consumers and extended electricity usage, it is essential to thoroughly
investigate and analyse the needs of the overall electricity demand, the needs of each microgrid system, the willingness of the prosumers-consumers to participate in this program as well
as to study the sociodemographic variables.
Ofgem (Office of Gas and Electricity Markets), in the UK, has recently published an
investigation report on the potential impact of TOU tariffs on domestic consumers [6]. In this
report the authors focused on two main subjects (clustering analysis and tariff simulation)
before the development of the TOU tariff model. The clustering analysis, which is essential for
the grouping of different consumers on similar electricity demand patterns. Utilizing the results
of clustering analysis they developed the TOU tariff simulation and analysis. By first
implementing a clustering analysis, it showed the effects of the developed TOU tariff on
different consumers as regards DSM and mainly on their electricity bills. For example, Figure
4 illustrates three different TOU structures and their relationship with the spot market price for
electricity. It is essential to carefully design the TOU tariffs in order to achieve a balance
between the wholesale cost-reflectivity and to provide strong enough price signals to
consumers to encourage them for DSM.
The results showed that the electricity bill may notably change based on the TOU tariff
structure assuming that the consumption pattern remains the same. Although modelling of
demand response was beyond the scope of this investigation, it showed how the electricity bill
could change based on different TOU tariffs. Consequently, the annual change of the
electricity bill – as compared with the previous flat tariff – under the TOU tariff 1 (as shown in
Figure 4) is on average ± £ 6.37. By comparing the flat tariff with the TOU tariff 2 the electricity
bill changed on average by ± £ 6.79 and lastly, the TOU tariff 3 where it provides flat tariffs
during the weekends changed the electricity bill by only ± £ 1.59. These calculations are made
based on the assumption that the consumer pattern does not change. The modelling showed
that if the consumers do not shift their demand, they may experience high increases in their
bills.
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Figure 4: TOU tariffs vs Spot price for electricity in the UK [6].

Another example of the use of TOU tariffs on residential consumers in Europe is in Northern
Italy [7]. Specifically, the main objective of this work was to evaluate the electricity demand
and load shifting impacts related to TOU tariffs at sub-station level. For this purpose, a
database of the electricity consumption, prices and peak loads before and after the
introduction of TOU tariffs at residential consumers in the Province of Trento in Northern Italy
was set. For more accurate results, 1446 residential users were monitored for two years. The
monitoring data period started from 1st July 2009 to 30th June 2010 for flat tariffs and from 1st
July 2010 to 30th June 2011 for TOU tariffs. Due to the fact that electricity consumption may
differ based on the temperature variations, threshold values have been determined for the
temperature difference between same hour intervals over the two years of data collection.
More details on the assumptions made and on the process of the data collection can be found
in [7]. It is meaningful to note that the TOU tariff was structured based on only two different
time blocks, peak and off-peak price rates, from 7:00 PM to 8:00 AM and from 8:00 AM to 7:00
PM respectively. Overall, the results showed that under the TOU tariff the electricity
consumption increased by 13.69 % whereas the consumer’s electricity bill decreased by 2.21
%. Additionally, as it can be seen from Figure 5 a slight peak load shaving occurred on the
morning peaks and a split in two peaks for the evening period was created.
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Average consumption (kWh)

Time (Hours)

Figure 5: Profile (in kWh) for flat Vs TOU tariffs for the pilot study in Northen Italy [7].

The presence of a high peak at around 21:00 and the creation of a third at 16:00 means that
in this case the introduction of TOU tariff failed to address peak load problems. Particularly,
the peak demand presented at 19:00 with flat tariffs split in two, at 16:00 and at around 21:00
with TOU tariffs. The 21:00 peak is also higher compared with the peak demand with flat tariffs.
The mandatory nature of price-based DSM program, the limited two price block TOU tariff
and the absence of IHD might partly explain this situation. Human behaviour, comfort and
actual needs are issues that need time, dependable information/feedback and technology
availability/versatility to re-adjust and support system needs. These are issues that will be
addressed in the course of the SmartPV project with the intention of creating the right platform
for positive results.
Furthermore, Wu et al [8] presented a method for determining the TOU electricity price based
on multi-objective optimization of DSM. Using a mathematical model to describe the TOU
electricity price, numerical calculations were developed using load and electricity price data of
Zhejiang Province, Republic of China. From the numerical calculations it was concluded that
the TOU electricity price determined by their developed mathematical model can provide an
optimal balance between load shifting and minimizing costs of electricity to consumers. A
difference of 10.5 % was found between the maximum load consumption with and without
TOU tariff. However, the authors did not take into consideration energy usage habits and
human behaviour.
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De Ridder et al [9] explored four different business cases. For the SmartPV project purposes
we will only focus on the relationship between retailers and end-users. A district of 300 houses
is simulated under three billing types: fixed tariff, two-block TOU tariff and an hourly RTP. As
regards the outcome of the two-block TOU tariff found that even if 40 % of the traded power
is intelligently controlled, the average price will only decrease by 4.6 % whereas, for the same
intelligently traded power control the average price can optimally decrease by over 18 % if
adequate price dynamics and incentives are included. Therefore, it can be seen that in most
of the cases where the TOU tariff is not carefully designed or a two-block TOU tariff is used,
the anticipated result is not achieved.
In general, however, TOU tariff is worldwide accepted as a viable DSM option by policymakers, especially in countries where the smart metering technologies are already available.
The fact that TOU tariffs do not require a complex two-way communication system, such as
RTP, simplifies the issues of communication technologies that apply to the smart meters and
data management. Nevertheless, a very careful design of the TOU structure is required
together with the analysis of different scenarios but at the same time, state-of-the-art
technologies must be used for educating and informing the user. In the following section an
extensive study on aspects related to TOU tariffs is presented identifying the variables and
parameters that affect the development and the design of a TOU tariff capable of achieving
the required benefits.

2 Dynamic TOU Tariff Tool Development
TOU tariff is an important measure of DSM and it is an economic incentive for all the involved
stakeholders (Generators, Operators, Suppliers, Prosumers, etc). A TOU tariff implies that a
day is divided into peaks and valley periods according to the load characteristics with the price
level to correspond on each period respectively. At present, many countries all over the world
have implemented the TOU tariff with the time division and price level related to each country’s
geography, climate and load characteristics. The division of the TOU period and other
characteristics was most commonly made through empirical analysis and calculations on the
historical daily load curves. Some countries divided the 24 hours in two periods, peak and offpeak like North and South Carolina, while in other cases they divided the 24 hours in three
periods of peak, middle and valley. In addition to this, some countries take seasons into
consideration when dividing the time periods. Based on the experience gained we will
endeavour to adapt a TOU tariff for the SmartPV project that has the potential for optimal
results. To this effect, a letter of support from CERA confirming its consent for the adaption of
a suitable TOU tariff in fulfilling the tasks of the project was provided.
Below, a literature review on different approaches on designing TOU tariff will be discussed.
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2.1 Literature Review
One of the most important variables that must be determined before the TOU tariff is structured
is the peak and valley characterization of the load curve. This is the starting point for a TOU
tariff development as discussed in [10] where the power demand was analysed using suitable
time-series analysis. The power peaks and valleys were extracted based on a specified power
cap (𝑐𝑓 ). As shown in Figure 6 the maximum (𝑝𝑚𝑎𝑥 ) and minimum (𝑝𝑚𝑖𝑛 ) demand during the
time series 𝑡 is determined. The dynamic range of power consumption is within the range 𝑑
which is given by 𝑑 = 𝑝𝑚𝑎𝑥 − 𝑝𝑚𝑖𝑛 . Therefore, the power cap 𝑐𝑓 is defined in terms of the
fraction 𝑓 of this dynamic range and is given as 𝑐𝑓 = (1 − 𝑓) × 𝑑 + 𝑝𝑚𝑖𝑛 . From the authors’
experience the fraction 𝑓 ranges from 20 – 40 %. By setting the power cap 𝑐𝑓 to the timeseries 𝑝𝑡 , peaks and valleys can be divided in time intervals as shown in Figure 6. The
characterization of the peaks and valleys is also further discussed by the authors such as the
peak height or valley depth, peak and valley width and peak and valley area.

Figure 6: Notation for peaks, valleys and their attributes [10].

In summary, this process can be useful only for deployment of a two block TOU tariff which is
not a favourable option of the SmartPV project since as it is shown in [7] the two block TOU
tariff can easily shift the desired peak period by a couple of hours after or before that.
Yu et al [11] explore a different approach from the previous one to describe the peak and
valley characteristics of a load curve. The authors used the spectrum analysis method to
analyse the power load in order to extract the peak and valleys of the load curve. As it is stated
in [11], “Spectrum analysis divides the time series into superposition of periodic components
with different amplitude, phase and frequency”. By using this methodology the authors
transform the load curve from time domain to frequency domain in order to bring forward the
SmartPV: Metering studies, policy analyses and dynamic tariff model development
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effects of all kinds of periodic components contained in the load sequence and to evaluate the
effect of a possible TOU tariff. The spectrum analysis was applied for two popular and
developed cities in China, Shanghai and Guangdong. The daily load profile of these two cities
is shown in Figure 7. It can be observed that Shanghai’s daily load profile peaks and valleys
cannot be clearly distinguished. On the other hand, Guangdong’s peaks and valleys on the
daily load profile can be clearly seen. After the spectrum analysis, the peak and valleys are
more obvious with this index to reflect the differences between the peak and valleys for the
two daily load curves (see Figure 8).

Figure 7: Annual average daily load profile of Shanghai and Guangdong [11].

Figure 8: Frequency spectrogram of daily load sequence: Shanghai’s on the left hand side –
Guangdong’s on the right hand side [11].

Overall, the authors evaluated the load characteristics by transforming the daily load curve
from time to frequency domain to investigate the realistic and significant changes.
SmartPV: Metering studies, policy analyses and dynamic tariff model development
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Another important parameter which characterizes the TOU tariff structure is the start and
length of the time zone. In [12] the authors propose a mixed-integer program for optimal design
of customized TOU tariffs with the most important requirements being: a) the number of rate
zones, b) the start and end times of the TOU zones and c) the price level of the zones.
Additionally, since TOU pricing is used for DSM (e.g. load shifting) it must also qualify
requirements relevant with: a) optimization of the electricity provider objective and constraints,
b) customer response and acceptance and c) regulatory restrictions. To develop the
optimization tool, the authors used a specific jump structure to identify the number of rate
zones and the duration of each zone. For the achievement of this, an industry-grade
optimization suite (IBM ILOG OPL Studio with the CPLEX solver) was used which facilitates
integration into a data management system allowing to embed the optimized decisions into
near-real-time decision-making. The necessary decision variables and constraints are
explained in detail in [12]. The result, shown in Figure 9, presents the optimal rate structure
for different number of rate blocks (with Z = {1,... 24} where Z is the number of rate zones).
The difference of the determined length and position of the rate zone for different rate zone Z
can be clearly seen. This indicates that the TOU tariff with symmetric zoning is not as effective
as in the case of a variable rate zone size. Finally, it is important to note that the authors
focused on the cost-matching objective between the procurement cost and retail electricity
price, ignoring the availability of future competitive markets which may create differences in
the associated costs of the TOU tariff.
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Figure 9. Results of optimal rate structures for different number of rate blocks [12].

In 2007 the Irish Government announced a pilot Smart Metering Program for domestic and
small commercial customers (SME’s). The main scope of this program was to motivate
domestic customers and SMEs to do DSM through the development of a TOU tariff. Briefly
speaking, customers had more expensive electricity during daytime and cheaper electricity
during the night. This in turn, led in lower CO2 emissions as the base load generators emit
fewer pollutant gases. Conlon [13] describes the methodology followed for the development
of the TOU tariff with four main principles in mind. Firstly, the new TOU tariff for an average
consumer should have cost neutrality. Secondly, all the time blocks should reflect the real cost
of electricity and thirdly the tariff structure should be based on the system peak demand.
Finally, the TOU tariff should include all the energy costs related with the system operation.
The structure of the TOU tariff was based mainly on analysis of existing demand patterns.
From the analysis it was concluded that the TOU tariff during the winter period will be a
synthesis of three time blocks with 2 hours of peak, shoulder period after and before the peak
period and an off peak/night period. This is illustrated in Figure 10. In the weekends and in the
summer period the TOU structure consists of only two time blocks, shoulder and off peak/night
blocks. Each time block was cost defined using a demand weighted average price. The
formula used to calculate the weighted average price of electricity is as follow:
∑𝑡[(𝑣ℎ ∗ 𝑠𝑚𝑝)𝑖 /𝐷]
𝑃𝑤𝑎 =
𝑑𝑤𝑎
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where
Pwa is the demand weighted average price in a given time block t
smp is the consolidated system marginal price at each half hourly trading period i
dwa is the % demand in a given time block, t
D is the total demand for the given tariff group
vh is the demand in any half hour trading period, I for the given tariff group.

Figure 10. TOU tariff structure [13].

From the calculations made using the demand weighted prices it was concluded that the
annual cost of electricity for an average customer resulted in higher electricity bill violating the
primary set constrain of neutral cost. Therefore, the TOU tariffs were adjusted in order to attain
cost neutrality. The domestic flat tariff at the time of the TOU development was at 0.145 €/kWh
while the corresponding developed base case TOU tariff is as shown in Figure 11. The tariffs
are likely to be changed based on electricity prices forecasts and demand profiles.
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Figure 11. Domestic TOU tariffs - Base case [13].
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Qiao and Li [14] approach the development of TOU tariff with a more scientific method rather
than with an empirical analysis and estimations based on the daily load curve. They used
statistics and Continuous Load Curve analysis to investigate the time division of the load
profile in order to determine the peaks and valleys as well as the duration of each block period.
The authors collected 24 hour load data for one year and through data analysis they derived
the Continuous Load Curve as seen in Figure 12. Then, the curve was divided in three
segments according to the slope change, which express the peak, flat and valley periods.

Figure 12. Continuous Load Curve [14].

Subsequently, the authors applied frequency statistics to determine the frequency of each
load point in each load segment and calculate the probability index to fit the distribution curve.
Finally, they derived the most similar probability distribution curve to the fitted distribution curve
(see Figure 13, Figure 14 and Figure 15) and calculate the time distribution within a confidence
interval of α percentile to obtain the peak, flat and valley periods.
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Figure 13. Time histogram, Fitting Probability
Distribution Curve and Normal Distribution Curve of
Load Segment A [14].

Figure 14. Time histogram, Fitting Probability
Distribution Curve and Normal Distribution Curve of
Load Segment B [14].

Figure 15. Time histogram, Fitting Probability Distribution Curve and Normal Distribution Curve of Load Segment
C [14].

Thereby, with the statistical analysis the authors obtained the TOU period partition according
to the whole system load data (see Table 1). In conclusion, this approach showed that it can
handle the time division better and give more optimal results in period partition which is one
of the most important specifications for designing TOU tariffs.
Table 1. TOU period partition based on statistical analysis [14].

Periods
Peak period
Flat period
Valley period

Time partition
08:00 – 11:00, 13:00 – 17:00
06:00 – 08:00, 11:00 – 13:00, 18:00 – 23:00
23:00 – 06:00

2.1.1 Summary
In conclusion, the design of TOU tariff is a combination of various parameters and
characteristics which need to be clarified. For a successful implementation and operation of
the TOU tariff a careful and an in-depth analysis of the data should be made. Moreover, all
the involved stakeholders should actively participate to enable DSM. A summary of the
SmartPV: Metering studies, policy analyses and dynamic tariff model development
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important design specifications and characteristics of the TOU tariff have been derived from
the literature review as seen in Table 2. Among these, the main issues that have to be taken
into consideration for the successful design and implementation of a TOU tariff are pointed
out.
Table 2. Parameters and Characteristics of the TOU tariff.

Parameters and characteristics
TOU design specifications
Description
The identification of peaks and valleys is crucial since the
Peak and valley characterization of
electricity price corresponds to each period. High electricity
the load profile
demand means high electricity prices whereas low
electricity demand means low electricity prices.
The duration of each time block is essential in order to fulfil
Start and end time of the rate zones –
the real needs of flattening the load profile rather than
duration of each block period
creating time-shifted peak periods.
The division of the daily load curve in different time periods
The number of rate zones – period
is also an important parameter. The appropriate number of
partition
the different time periods will enhance DSM and push the
flattening of the daily load curve.
The price level of each time block is essential in order to
The price level of the zones
incentivise consumers to use more load in the desired
periods, hence avoid energy consumption at peak periods.
Main Characteristics
Description
The TOU tariff should maintain an identical electricity bill
compared with the standard supplier tariff for an average
consumer who does not change his consumption profile and
Preservation of cost neutrality
behaviour. Usually this applies in research and pilot projects
as to avoid consumer penalization in the case where the
consumer cannot shed and/or shift load.
Cost reflecting pricing in all time
The TOU tariff for each period should reflect the total cost
blocks
of energy generation and supply.
Depending on the targeted objectives of the involved
stakeholders, the tariff structure could be based on the
Tariff structure
system peak demand, on the average consumer load
profile, on annual basis, seasonal basis etc.
The TOU tariff should include all the market operation costs
Include all the energy costs related
such as, Operating expenses of TSO, DSO, Ancillary
with market operation
Services, Charge for tertiary reserve, GIF, losses etc.
Impact of TOU and actions to be
Description
taken for TOU success
SmartPV: Metering studies, policy analyses and dynamic tariff model development
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Optimization of the electricity provider
objectives and constraints

Customer response and acceptance

Regulatory restrictions

TOU tariff enables DSM as a result of: load balancing,
power network stability, profit maximization for all involved
stakeholders etc.
Education and information should be provided to the
customers for effective and correct use the TOU tariff. It is
a very important step for the successful implementation of
the TOU tariff.
The Regulatory Authority (CERA for the case of Cyprus)
should audit the process so as to maintain the retail
electricity price within fair price limits and respect the TOU
zone limits to ensure that all the involved stakeholders are
fairly treated.

In addition, it was seen that different methodologies have been followed for the development
of the TOU tariff, with some of them relying just on empirical analysis but also with some others
relying on more advanced methodologies such as statistical approaches. Overall, it can be
concluded that TOU tariffs facilitate DSM.

2.2 Methodology followed for the development of the dynamic
TOU tariff tool
2.2.1 Introduction to the methodology followed
In order to develop a dynamic tool which can be used worldwide under different energy
characteristics, the tool has to be generic and always derive the most optimal results.
Therefore, the development of this tool is based on a statistical approach since any empirical
observations and methodologies would limit the capabilities of the tool. For assisting the
simulation process, the imported data was split in seasons but the tool is capable to import
yearly, monthly or any other specified data-sets. The adapted procedure to develop the tool
was very similar with the procedure followed by Qiao and Li [14]..

2.2.2 Procedure adapted for the development of the dynamic TOU
tariff tool
In the case of Cyprus and as concerns the purposes of the project, three different Load
Duration Curves (LDCs) are created, one for each distinct season (winter, middle - includes
autumn and spring - and summer period). The LDCs are derived by sorting in descending
order the power demand versus time. The season periods have been split with the same
methodology that EAC follows, with the winter period to cover the months December to March,
the middle period to cover the months April, May, October and November and the summer
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period to start from June to September. The data used referred to the total power demand in
15 minute intervals. However, an hourly analysis was used in order to get a 24 hour layout.
The data, which was provided by the TSO, has been processed since it had many fluctuations.
More specifically, an iterative interpolation process was used to derive a smoother curve, fitted
to the real data curve for further processing and analysis.
Figure 16 shows the LDC derived for the winter period. It can be clearly seen that the real data
curve (indicated with red colour) has considerable fluctuations making the curve difficult to be
analysed. On the other hand, the smoothed and fitted curve (indicated with blue colour),
represents the overall response and behaviour of the LDC making it easier to be analysed.

Figure 16. Load Duration Curve. The real data is shown in red and the smoothed and fitted curve in
blue

Following the smoothing and fitting curve process, the inflection points of the LDC were found.
The inflection point indicates a turning point and in the energy sector this is translated as a
change in the consumers’ behaviour. This means that the consumer may have increased or
decreased his energy needs thus, with the appropriate process the desirable energy profile of
the consumer can be derived. In Figure 16 two inflection points can be observed. From this, it
can be concluded that during the winter period the load profile can be divided in three different
segments, peak, middle and valley. However, in order to reach that state, statistical and
frequency analysis was carried out in order to derive the best result.
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Once the LDC was created and the inflection points were derived, the data was divided in
different segments according to the inflection points. Then, for each segment (derived from
the inflection points) the cumulative frequency of hourly power magnitudes was extracted. The
analysis performed derives a histogram similar to the normal distribution. Hence, the
parameters determining the corresponding Probability Density Function (PDF) can be
obtained (standard deviation and mean) from the data-sets (Figure 17). Therefore, according
to these parameters the PDFs for each segment were derived as shown in Figure 18.
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Figure 17. Histograms of the load segments.

The next step was to find the values that are within 2 standard deviations (sd) from the derived
PDF (Figure 18). This corresponds to a confidence interval of 95 % which is used to select the
range of values to form the TOU blocks.
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Figure 18. Probability Density Functions for each segment.

Figure 19 illustrates the range which covers each sd, starting from 1 to 3. In other words, the
confidence interval lie within the range which is selected according to the sd (e.g. for sd=2, 95
% confidence interval is chosen).
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Figure 19. Normal distribution - Standard Deviation range.

As aforementioned, the timestamp which lies within the confidence interval of each histogram
is selected to be used to derive the TOU blocks. Further analysis is undertaken between the
acquired timestamps for each block. Each block consists of a range of timestamps which
represent different TOU blocks (e.g. peak, valley and middle block). To avoid hour conflicts
with the other blocks, each timestamp range of each block was compared to each other and
if hour conflict was detected, then based on the cumulative frequency of the timestamp the
correct block was selected.

2.2.3 Results obtained from the dynamic TOU tariff tool
The methodology described above was used to develop the dynamic tariff tool in order to
determine the maxima and minima areas of the load profile. This will enable price-base DSM
since the peak period will be charged with the highest retail electricity price while the off-peak
period with the lowest price. The first version of the dynamic model was developed using
Matlab and was tested based on the baseline scenario. The derived time ranges for each
season are presented in Table 3.
Table 3. The derived ToU block periods for three seasons based on the baseline scenario.

Season
Winter
Intermediate
Summer

Peak period
16:00 – 00:00
10:00 – 13:00,
16:00 – 22:00
09:00 – 21:00

Hours for each ToU block period
Central period
Off-peak period
00:00 – 03:00, 06:00 – 16:00
03:00 – 06:00
07:00 – 10:00, 13:00 – 16:00,
00:00 – 07:00
22:00 – 00:00
----------21:00 – 09:00

This is also illustrated in Figure 20 where the blue line represents the load profile while the red
line represents the TOU blocks. It is noted that the amplitude of the red line will represent the
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retail electricity price but this is not yet defined. At this stage it just identifies the TOU block
regions.
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Figure 20. Time partition of each season based on the baseline scenario: (a) Winter, (b) Intermediate
and (c) Summer.

The results show that the derived TOU blocks are not accurate and precise as it was expected,
therefore further development using optimization procedures was performed, described in
detail below.

2.3 Optimization of the developed dynamic TOU tariff tool

2.3.1 Introduction
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As it can be seen from the results obtained in Figure 20, the developed dynamic tariff tool
identifies the periods of maxima and minima with the TOU blocks split in such a way as to
encourage DSM. However, optimization of this model is required and to do so the root mean
square error (RMSE) between the load profile and the TOU block curve was examined.
Through this optimization procedure time inaccuracies of the derived TOU block will be
eliminated providing a more reliable tool.

2.3.2 Procedure/Methodology for the optimization tool
The optimization of the developed dynamic tariff was based on Matlab Optimization ToolboxTM
which provides functions to find the parameters that minimize objectives while satisfying the
user constraints. In order to solve an optimization problem, the objectives and constrains must
be identified and the solver which can solve the specific type of problem has to be selected.
There are different solvers for linear programming, mixed-integer linear programming, nonlinear optimization, non-linear least squares and quadratic problems. For the case of finding
the optimum TOU tariffs, a direct comparison between the TOU block curve and the load curve
is performed rather than deriving the TOU blocks from the LDC as it is performed in the
statistical approach. In this scope, a single global solution is desired which minimizes the
RMSE between the TOU block curve and the load curve as described by the following
equation:
2

1

RMSE = √𝑛 ∑𝑛𝑘=1(𝑇𝑜𝑈𝑏𝑘 − 𝑃𝑘 )2

(1)

where 𝑇𝑜𝑈𝑏𝑘 is the derived block period, 𝑃𝑘 is the load profile and 𝑛 is the total sampling
interval. Based on this equation, 𝑇𝑜𝑈𝑏𝑘 is the variable to be optimized and changes according
to the desired block levels as shown in equation (1). In particular, the first iteration of the
optimization procedure uses as initial conditions the output TOU block period (𝑇𝑜𝑈𝑏𝑘 ) of the
statistical model. Then, the developed optimization tool uses a hybrid function to calculate the
optimized TOU block periods. The hybrid function is an optimization function that runs at the
end of the iterations of the first solver in order to improve the value of the fitness function.
Specifically, the hybrid function uses the final point of the first solver as the initial point of the
second solver. For this purpose the Simulated Annealing and Pattern Search solvers have
been utilized to derive the most optimum solution, with the latter being the second solver called
by the hybrid function.
Simulated Annealing was originally inspired from the process of annealing in metal work since
the method models the physical process of heating a material and then slowly lowering the
temperature to decrease defects. In simulated annealing, temperature is variable to simulate
this heating process. Initially the temperature variable is kept high and then slowly ‘cools’ as
the algorithm runs. At each iteration of the simulated annealing a new point is randomly
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generated. During this process and while the temperature is high, the algorithm accepts all
new points that lower the objective function and also with a certain probability it accepts points
that raise the objective function. By accepting points that raise the objective this algorithm
avoids being trapped in local minima. The gradual ‘cooling’ process makes the simulated
annealing algorithm remarkably effective at finding an approximate global optimum when
dealing with problems which contain numerous local optimums [15]. As it is noted, simulated
annealing can approximate the optimum solution but it may also miss out and get stuck in
local minima. Therefore, a hybrid function is used with Pattern Search as the second solver.
Pattern Search is a numerical optimization solver for derivative free optimization functions or
non-continuous functions. Hence pattern search can be used for problems that do not require
the gradient of the problem/function. Such optimization solvers belong to the group of directsearch methods in which the algorithm searches a set of points around the current point
looking for the one which the objective function has a lower value than the value at the current
point. More specifically, a pattern is a set of vectors vi that the pattern search algorithm uses
to determine which points to search at each iteration. Therefore, pattern search finds a
sequence of points, x0, x1, x2, …, that approach an optimal solution. The value of the function
at each iteration either decreases or remains the same from each point in the sequence to the
next. For the case of using the generating set search (GSS) algorithm with Positive basis 2N
pattern, 2N vectors will be created, where N is the number of independent variables for the
objective function. For example, if the optimization problem has two independent variables,
the pattern will consist of the following four vectors {vi} [16]:
[1 0], [0 1], [-1 0], [0 -1].
At each step, the algorithm searches a set of points, called a mesh, for a point that improves
the objective function. Pattern search forms the mesh by generating a set of vectors {d i} from
multiplying each pattern vector vi by a scalar Δm. Δm is the mesh size and in this case is defined
as the time difference (1 hour). Then the set of vectors {di} is added to the current point (the
initial point or the point which derived the best objective function at previous step) and the
point of this mesh that improves the objective function is selected. If the algorithm successfully
obtained a better point, the mesh size Δm remains unchanged (multiplying by 1). This is so as
to keep an hour difference from the previous point (problem particularities). If the algorithm
fails to improve the objective function, the mesh size reduces to half.
The optimization procedure stops to operate if one of the following exists: reach the maximum
iterations, the objective function cannot be improved furthermore, the algorithm runs until it
reaches a time limit, distance between two consecutive iterations and the mesh size is less
than a specific tolerance and the number of objective function evaluations performed by the
algorithm reaches a maximum value of evaluations.
Beyond the TOU block optimization procedure, TOU tariff optimization is also performed in
order to calculate the optimum TOU tariffs, given the flat tariff. The concept of calculating the
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optimum TOU tariffs for 3 levels is based on the following assumption: the peak price is double
than the off-peak price while the shoulder price equals the corresponding flat tariff. A specific
constrain is also set for the project purposes as follows: the electricity bill for a specific
customer who is unable to change his/her energy habits should remain unchanged (when
compared with flat and TOU tariff). These constrains and assumptions were used to develop
the objective function for the optimization solution. The optimization solver used in this case
was fmincon which finds the minimum of a problem specified by:
𝑐(𝑥) ≤ 0
𝑐𝑒𝑞(𝑥) = 0
𝑚𝑖𝑛𝑥 𝑓(𝑥) 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 =
𝐴∙𝑥 ≤𝑏
𝐴𝑒𝑞 ∙ 𝑥 = 𝑏𝑒𝑞
{ 𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏,
Where b and beq are vectors, A and Aeq are matrices, c(x) and ceq(x) are functions that return
vectors, lb and ub are lower and upper bounds and f(x) is a function that returns a scalar. x,
lb and ub can be passed either as vectors or matrices [17], [18].
In summary, two objective functions have been developed, one for deriving the optimum TOU
blocks and the second one for calculating the optimum three block TOU tariffs. The
optimization tool requires Matlab Optimization ToolboxTM to run the simulation.
Results of the optimization tool are presented in the next section.

2.3.3 Results from the dynamic TOU tariff tool
A software application tool was created in Matlab Graphical User Interface (GUI) to run the
simulation. The developed GUI provides a user friendly interface. Information such as the
data-sets and parameters required to calculate the electricity bill is imported while users can
visualize the impact on their electricity bill. For example, the user can monitor the total
electricity cost per day under different TOU tariffs, compare the electricity bill between flat tariff
and TOU tariff, and identify the TOU blocks. Figure 21 presents a screen shot of the software
tool as this is derived after simulation of data-sets acquired during the winter period. Some
input parameters must be filled in by the user prior the simulation run. On the top left the user
must input the data-sets while below this the user must set the flat tariff and the desired TOU
tariffs. However, the optimization tool calculates the optimum TOU tariffs and comparison
between user and optimum tariff is done. Finally, at the right hand side the load profile for the
winter period is plotted (blue line) with the corresponding TOU blocks based on the statistical
approach (green line) and combination of statistical and optimization procedure (red line). In
particular, from the plots it is clearly demonstrated that the peak period is charged with the
higher tariff while the lowest tariff is charged for the valley period. Meanwhile, two other periods
are further identified during the time intervals 07:00 – 17:00 and 23:00 – 01:00 which represent
the transitional period. These time periods are very important since they can be used by the
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customers to cover their electricity needs that can be shifted from the peak periods but cannot
wait until the off-peak period (e.g. cooking, unscheduled devices etc.). Annex 1 contains the
suggested optimum TOU tariffs for all three-seasons (winter, summer and middle).

Figure 21. Developed dynamic TOU tariff software tool.

Beyond the TOU block optimization procedure, TOU tariff optimization was performed for
the case of three block periods. Given the flat tariff, the peak and off-peak price is
calculated based on the following assumption: the peak tariff is double the off-peak tariff
while the shoulder tariff equals the flat tariff. Figure 22 illustrates the GUI which
corresponds to the TOU tariffs and the associated output results computed by taking into
account the TOU blocks, tariffs and the load curve. On the left hand side in the ‘Tariffs’
panel, the user inputs the desired tariffs. In the ‘Optimum ToU tariffs’ the optimum tariffs
are calculated satisfying the aforementioned conditions. From the example illustrated in
Figure 22 it can be observed that utilizing the users’ ToU tariffs input the utility will gain €
0.21 per day. On the other hand, the computed optimum ToU tariffs do not affect any of
the involved stakeholders since the electricity bill difference between flat charge and ToU
charge remains zero.
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Figure 22. Sample of optimized TOU tariffs to keep neutral impact on customers' electricity bill.

2.3.4 Summary
The dynamic TOU tariff tool was developed firstly based on a statistical methodology and then
using optimization procedures. Comparisons between the two methods were performed by
using the Mean absolute percentage (MAPE) and RMSE. The results (Table 4) indicated that
the optimization procedure resulted in a reduced MAPE and RMSE by 2.44 % and 7.63 %
respectively, in comparison with the statistical method, indicating improved performance and
effectiveness.
Table 4. Comparison between statistical and optimization methods.
Mean Absolute
Percentage Error

Root Mean
Square Error

Statistical method

8.65 %

19.95 %

Optimization method

6.22 %

12.32 %
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In addition, the optimization procedure was performed in order to provide the most optimum
TOU tariffs maintaining neutral impact on customers’ electricity bill. By doing this, all the
involved stakeholders can gain by either, from the customer side, reducing their electricity bill
or, from the utility side, by reducing peak demand and managing the demand.

3 Conclusions
A literature review on different DSM schemes was initially reviewed focusing on price-based
DSM measures. Specifically, different TOU tariff schemes utilized all around the world were
examined to identify their benefits and limitations. Knowledge was gained on how to use TOU
tariffs effectively avoiding undesirable results that have been observed in the past. Moreover,
a review on the design of TOU tariffs determined the parameters and characteristics which
needed to be clarified. For a successful implementation and operation of the TOU tariff a
careful and an in-depth analysis of the data should be undertaken. Furthermore, all the
involved stakeholders should actively participate to enable DSM. In this scope, the objectives
of all the involved stakeholders have been addressed in order to derive in a WIN WIN situation.
The most important design specifications and characteristics of the TOU tariff were then
derived.
The seasonal load profiles represent the total electricity demand of Cyprus. The data-sets
obtained from the local TSO with a 15 minute interval. The methodology followed for the
development of the dynamic TOU tariff tool was thoroughly described for both approaches,
statistical and combination of statistical and optimization procedures. The results obtained
from the dynamic TOU tariff tool were presented yielding satisfactory results. The combined
approach (statistical and optimization procedure) was evaluated in comparison with the
statistical approach, indicating a reduced MAPE and RMSE by 2.44 % and 7.63 %
respectively.
Further work will be done to validate the optimization tool with real data-sets collected from
300 prosumers participating in the project. The dynamic tariff tool will be re-evaluated with
data-sets acquired after implementing TOU tariffs. Hence, based on the initial TOU blocks the
revised TOU blocks will be analysed for lessons learned.
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5 ANNEXES
Annex 1
Table 5 represents the suggested optimized TOU tariffs in seasonal basis. The suggested
TOU tariffs are split in 3 block periods.
Table 5. Suggested seasonal optimized TOU tariff based on 3 block periods.

Tariff level
Peak
Shoulder
Off-peak

Winter
17:00 – 23:00
07:00 – 17:00
23:00 – 01:00
01:00 – 07:00

Summer
09:00 – 21:00
07:00 – 09:00
21:00 – 00:00
00:00 – 07:00

Middle
09:00 – 22:00
07:00 – 09:00
22:00 – 00:00
00:00 – 07:00

The derived results can also be visualized in Figure 23 in seasonal basis. The plots
demonstrate the load profile, the statistical TOU tariffs and the optimized TOU tariffs.

(a)
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(c)
Figure 23. Derived TOU blocks for: (a) winter season, (b) summer season and (c) middle season.

Finally, Figure 24 shows the corresponding TOU tariffs which maintain neutral effect on
customers’ electricity bill in the case where their energy profile remains unchanged.

(a)
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(c)
Figure 24. Derived TOU tariffs for: (a) winter season, (b) summer season and (c) middle season.
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