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1. INTRODUCTION

The total cost of generating electricity for a power system is different at all times. In general, these
costs are high at peak times and low at non-peak times. Thus, the use of fixed electricity price tariffs does not
reflect actual electricity prices. It is possible for users paying lower prices at peak times and pay much higher
prices outside peak hours. While the real-time electricity pricing method can overcome this problem, its
implementation is complicated as it requires the use of smart meters among consumers to enable real-time
electricity pricing information to be delivered from the utility to consumers. The price fluctuations that are
too frequent are also inconvenient to users.

Time of Use (TOU) electricity tariff is one type of time-based tariff system. It charges consumer
based on their usage hour with different price. It is known that demand response can efficiently help reducing
peak demand in daily consumption [1]. However, differing from Real Time Pricing varies all the time based
on the wholesale market price, TOU prices is fixed within the same period. It often refers to pre-set
electricity prices that vary from time to time to reflect the expected cost of electricity generation at those
times. Although TOU cannot reflect the actual price as much as real-time electricity prices, it's much better
than fixed price rates that gives a flat price to the consumers every single hour [2]. The main objective of
TOU implementation is to reduce the system’s maximum demand by transferring some of the demand into
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different hours. In other words, to reduce the gap between peak and off-peak demand to gain flatter load
profile.

Malaysian electrical utility company i.e. TNB only introduced a time-based electricity tariff system
(TOU) for industrial and commercial consumers but not for residential consumers [3]. Excluding industrial
consumers that does not have any specific pattern in their daily load profile, the load profile pattern for
residential consumers is different compared to commercial consumers as peak loads usually occur outside
working hours [4]. Charging the same TOU electricity tariff for residential consumers will give wrong price
signals that may cause unwanted demand responses.

Determining the most optimum TOU price that is fair for both utility and consumers would be the
most difficult part in TOU implementation [5]. This is the factors that would determine whether the price can
give a clear signal to consumer to change their consumption pattern as desired by the utility that would
benefits both of them [6]. Factors like price elasticity, weather and climate are important factors to be
considered in designing the optimum TOU electricity prices [7, 8]. However, implementing TOU in the right
way could significantly help reducing the total energy consumption cost for customer as well as for the
utility [9]. This paper examines the impact of different TOU structures on residential consumers in Malaysia
in terms of the optimum TOU prices and load profiles. This will be discussed further in subsequent sections.

2. RESEARCH METHOD

This section presents the optimization formulation used to determine the optimum TOU prices for
the study. The solid line of Figure 1 shows the actual demand, PdActual for a selected residential area in
Malaysia. It can be seen that the demand varies over time and reached its peaks at certain hours throughout
the days. The dotted line in the figure represents the desired flat demand, which is named here as average
demand, PdAverage and is calculated as follows:

Average __ actual
Pd - X ZhourL 1 d hour i (1)
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Figure 1. Electricity Demand of a selected residential area in kWh [10]

The main purpose of TOU price is to make the electricity demand pattern as flat as possible [11]. Hence,
reducing the electricity consumption during high demand period known as peaks, and increasing
consumption during low demand periods. Thus mathematically, the objective of TOU pricing is to minimize
the difference between actual demand and average demand, which can be presented as follows [8];

Min {Zhourl 1( éclﬁgfgll - PdAverage)z} 2

Price elasticity is an important factor to be considered when setting the TOU prices. Price Elasticity is
defined as the sensitivity of demand with respect to the price. The price elasticity at hour i is derived [8];

%Apd,hour 1. APd,hour i/Pd,hou'rl 3
€houri = ( )

%APTicepouri  APTicepoyri/Pricepouri
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APricepoyr i
APd,hour i~

(4)

Ehouri

Pricepouri

where, Eyouri =

®)

€hour iXPd,hour i

Since the price elasticity for residential customers in Malaysia is unknown, two price elasticity
values will be used in this study. The first price elasticity is -0.02 base on the research work in [12], which is
the price elasticity of overall consumers in Malaysia. The second selected price elasticity is -0.27, which is
the mean elasticity of residential customers presented by the research work in [13]. Two elasticity factors are
used to represent two different groups of users, a group that responds highly to price changes and a group that
does not. TOU price works based on consumer reaction to the price signal. This means that they respond to
the price change from the fixed tariff price. In this paper, the fixed price is assumed to be RM0.25. The price
change is then defined as the difference between TOU price at a specific time and the fixed tariff price. It is
given by;

APricenpyyi = TOUpyr i — fixed tarif f (6)

Based on the price changes, it is expected that there are changes in term of actual demand. If the actual
demand changes as TOU introduced, it is assumed that it can be written as;

actual __ pactual,old
Pd,houri - Pd,houri + APd.houri (7)
actual _ pactualold , APricepoyri
Pd.houri - Pd,houri + E . (8)
houri

Thus, substituting Equation (8) into Equation (2);

Min{¥iour iz1 @ + BAPricenoyr i + ¥ (APTicenpy, )%} 9

Where: @ = (Pirouate — pgve)” (10)
B=2 (Pd%ﬁl'iold - nge)/Ehouri (11)
¥ = (1/Enour 1)* (12)

This study assumed fair TOU pricing in which the sum of electricity price increment equal to the summation
of price decrement. Thus, the objective function in (9) is subjected to the following equality constraint;

%;;ur i=1 APTicepoyr i = 0 (13)

It is also assumed that the TOU price for each hour cannot be lower than 50% of the current fixed price,
represented by the following inequality constraint;

TOUppuri = 0.5 X fixed tarif f (14)

In this paper, Four TOU pricing structures were analyzed. Each structure consists of different number of
blocks. To be more specific, structure 1, 2, 3 and 4 consists of 4, 6, 8 and 12-time blocks respectively. The
TOU price for each block is fixed. These price variables are summarized in Table 1. For example, TOUS!
indicates the TOU price for the first-time block of TOU structure 1, which is fixed for hour 1 to hour 6. In our
mathematical formulation, this constraint is represented as the following Equation;

TOUI?% =TOU =TOUnour2 = TOUpour3 =TOUpour 4 = TOUpours = TOUpour s (15)

hour1 —

Other constraints for each time block are written in similar order for each TOU pricing structure.
The results are presented in the next section.
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Table 1. TOU price variables for each hour and each TOU pricing structures
TOU TOU price at hour i, TOUppyr i
structur
1 1 1 1 1 1 1 2 2
oS [ T2 s« 567 s o] 2| T 5] L] w s |w] ] 2] 8 ]2 ]e2]2]2
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3. RESULTS AND ANALYSIS

This section presented the results of four TOU pricing structures, namely 4, 6, 8 and 12-time block
structure of the optimization problem presented in section 2. Subsection 3.1 presented the optimum TOU
price for each hour for each structure, while subsection 3.2 presented the impact of such TOU prices on
residential load profiles.

3.1. TOU Price Results

Table 2 shows the TOU results for 24 hours for the four TOU pricing structures. For TOU
structure 1, the 24 hours is divided into 4-time blocks. The optimum TOU price for each hour is shown in the
second column of Table 2 for price elasticity -0.02 and the third column for price elasticity -0.27. For price
elasticity of -0.02, block 1 and block 2 give the same TOU price of RMO0.125. This price is the lowest price
based on the constraints set out in equation (14). For block 3, the TOU price is slightly higher at RMO0.186
and finally for block 4, the TOU price is the highest at RM0.564. These TOU results indicate that 50% price
decrement from fixed prices for block 1 and 2, while 26% and 126% price increment from the fixed price for
block 3 and block 4 respectively. Meanwhile, results for elasticity -0.27 show a 42% and 22% decrement in
price respectively for block 1 and block 2, while price increment of 27% and 37% for block 3 and block 4
respectively. Both price elasticities give the same TOU price pattern i.e. low at block 1 and block 2, high at
block 3 and the highest at block 4. Basically, the consumer will be charged at high price for 6 hours between
7pm until 12am.

For TOU structure 2, the TOU prices for block 1, 2, 3 and 5 are the same and at minimum for both
elasticity values. Results for elasticity -0.02 show a price increment of 10% and 190% for block 4 and 6
respectively. For elasticity -0.27, a price increment of 96% and 104% is showed. For both elasticity values,
high TOU price is showed for 4 hours between 9pm until 12am. Comparing with TOU structure 3, high TOU
prices is charged at block 7 and 8 (6 hours), which is between 7pm until 12am. Finally, for TOU structure 4,
high TOU prices is only charged for 2 hours between 9pm until 11pm, which is at block 11. Some other
blocks are charged with medium TOU prices. From the overall results, it is observed that TOU price structure
4 provides better price signal i.e. the high price is only charged at hours of high demand (from figure 1)
specifically at 9pm-11pm and 3pm-5pm.

3.2. Impact on Load Profile Results

Figures 2, 3, 4 and 5 show the impact of the four TOU structures on load profile for both elasticity
values. For structure 1 as shown in Figure 2, even though the peak demand at 9pm-11pm is reduced, a new
peak demand is created around 12pm. The same problem for structure 2 is observed in Figure 3, in which
more peak demands are created around 12pm, 5pm and 8pm. Structure 3 and 4 as shown in Figure 4 and 5
respectively, provide better demand profile results. Basically, the electricity demand from 11am until 12am
decreases while demand from 12am until 9am increases. Peak demand is reduced, and no new peaks are
created. Table 3 shows the maximum demand of the base case and the four TOU pricing structure results. It
is observed that structure 3 provides the lowest maximum demand for elasticity value of -0.02, which is
around 2.7% maximum demand reduction from the base case. On the other hand, structure 4 gives the
lowest maximum demand for elasticity value is -0.27, around 8.9% reduction from the base case. In other
words, if consumer is price responsive, structure 4 will reduce the peak load better then structure 3. Table 3
summarize the results in term of maximum demand for each of the structure.
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Table 2. TOU tariff for Different Time Blocks
Structure 1 (4 blocks) Structure 2 (6 blocks) Structure 3 (8 blocks) Structure 4 (12 blocks)
Time e=-0.02 e=-0.27 e=-0.02 e=-0.27 e=-0.02 e=-0.27 e=-0.02 e=-0.27
1:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1887 0.1250 0.2228
2:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1887 0.1250 0.2228
3:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1887 0.1250 0.1250
4:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
5:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
6:00 0.1250 0.1454 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
7:00 0.1250 0.1939 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
8:00 0.1250 0.1939 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
9:00 0.1250 0.1939 0.1250 0.1250 0.1250 0.1250 0.1250 0.1442
10:00 = 0.1250 0.1939 0.1250 0.1250 0.1250 0.2669 0.1250 0.1442
11:00 =~ 0.1250 0.1939 0.1250 0.1250 0.1250 0.2669 0.1250 0.3008
12:00  0.1250 0.1939 0.1250 0.1250 0.1250 0.2669 0.1250 0.3008
13:00 0.1856 0.3183 0.2749 0.4910 0.2920 0.3197 0.1987 0.3181
14:00 0.1856 0.3183 0.2749 0.4910 0.2920 0.3197 0.1987 0.3181
15:.00 0.1856 0.3183 0.2749 0.4910 0.2920 0.3197 0.3958 0.3306
16:00  0.1856 0.3183 0.2749 0.4910 0.1250 0.3027 0.3958 0.3306
17:.00  0.1856 0.3183 0.1250 0.1250 0.1250 0.3027 0.1250 0.2975
18:00  0.1856 0.3183 0.1250 0.1250 0.1250 0.3027 0.1250 0.2975
19:00  0.5644 0.3425 0.1250 0.1250 0.5866 0.3389 0.1250 0.3114
20:00 | 0.5644 0.3425 0.1250 0.1250 0.5866 0.3389 0.1250 0.3114
21:00 | 0.5644 0.3425 0.7251 0.5090 0.5866 0.3389 1.2805 0.3872
22:00 | 0.5644 0.3425 0.7251 0.5090 0.4964 0.3330 1.2805 0.3872
23:.00 | 0.5644 0.3425 0.7251 0.5090 0.4964 0.3330 0.1250 0.3124
24:00 | 0.5644 0.3425 0.7251 0.5090 0.4964 0.3330 0.1250 0.3124
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Figure 2. Load profiles for TOU price structure 1 (4-time blocks)
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Figure 3. Load profiles for TOU price structure 2 (6-time blocks)
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Figure 4. Load profiles for TOU price structure 3 (8-time blocks)
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Figure 5. Load profiles for TOU price structure 4 (12-time blocks)

4. CONCLUSION

This paper studied the impact of four different TOU electricity pricing structures on TOU prices and

load profiles of a residential area in Malaysia. Two elasticity factors are used
two different groups of users. The results conclude that, the TOU structure

for each structure to represent
with 12-time blocks provides

better price signals as compared to 4, 6 and 8-time blocks. Also, it can reduce the maximum demand of the

base case load profile by 8.9% for elasticity value of -0.27.

Table 3. Comparison of Maximum Demand between 4 TOU pricing structures

Maximum Demand

Base Case 26.73kWh
Structure 1 e=-0.02 26.64kWh
(4 blocks) e=-027 25.77kWh
Structure 2 €=-0.02 26.79kWh
(6 blocks) e=-0.27 29.60kWh
Structure3  €=-0.02 26.01kWh
(8 blocks) e=-027 24.54kWh
Structure4 € =-0.02 26.34kWh
(12 blocks)  e=-0.27 24.35kWh
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