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Abstract: With the rapid growth of thermostatically controlled loads, active power fluctuation and
peak demand growth within an autonomous micro-grid become serious problems. This paper tries
to suppress power fluctuation and shave peak demand for a micro-grid through optimizing domestic
electric water heaters (controllable load). In this paper, domestic electric water heater models are
first built to optimize power flow within a single water heater. Subsequently, the Monte Carlo
method is proposed to simulate power consumption of a cluster of domestic electric water heaters.
After that, the temperature state priority list method is presented to suppress power flow and shave
peak demand for a given micro-grid. Optimization results show that the proposed temperature
state priority list method can reduce peak demand by 12.5%. However, it has a wider active power
fluctuation range and needs a longer reaction time compared with the simplified temperature state
priority list method. In addition, the optimization results show that by increasing the number of
controllable loads participating in load scheduling, active power fluctuation can be reduced and the
maximum active power of the given micro-grid can be cut. However, to achieve this, about 1.2% of
extra electrical energy needs to be generated by the external grid.

Keywords: domestic electric water heater; Monte Carlo simulation; priority list; demand response;
load scheduling

1. Introduction

In recent years, the rapid growth of residential loads, especially for thermostatically controlled
loads, has caused serious problems for power systems’ stable and economical operation [1,2]. Therefore,
an effective thermostatically controlled load control strategy is urgently needed, because it is not only
conducive to optimize energy utilization, but also helpful for relieving power system operational stress.

As a major form of thermostatically controlled loads, domestic electric water heater has distinct
advantages of easy control and stable power consumption. In addition, it has the great potential to
store energy in advance, to suppress power system power fluctuation and to shave peak demand for
systems [3]. Because of the aforementioned advantages, a growing number of research that is related
to the optimization of domestic electric water heater schedule strategy have been conducted.

To make an effective thermostatically controlled load control strategy, it is important to change
domestic users’ power consumption habits with the help of demand response technology [4]. Meanwhile,
it is necessary to schedule controllable loads to meet power system requirements quickly. Direct load
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control is a typical demand response technology which is based on the incentive mechanism. To be specific,
direct load control strategy tries to reduce power consumption at peak demand/price time in a day
through monitoring of the power signal or price signal. However, to effectively control thermostatically
controlled loads, an outstanding thermostatically controlled load model should be built in advance.

At present, existing thermostatically controlled load models are good enough to solve
energy-related problems; however, more advanced models are being proposed to improve previous
models. In [5], a residential load scheduling model is developed and it considers psychological
factors which can affect domestic users’ power consumption habits. In [6], a thermodynamic model
representing the power system load due to hot water consumption from storage water heaters is
provided. This model makes it possible to predict the effects of load control and is also useful
for evaluation of the response which could be expected from demand-side management options.
Luo et al. develops an operational planning framework for large-scale thermostatically controlled load
dispatch in [7]. To achieve this goal, a thermal comfort model is employed to estimate the occupants’
thermal comfort degree. Based on domestic electric water heater’s thermodynamic characteristics,
a precise model of single domestic electric water heater is proposed in [8,9]. This model can reflect
different operation conditions of a domestic electric water heater, but is too complex to be used for
load scheduling.

Based on the proposed thermostatically controlled loads models, different thermostatically
controlled load control strategies have been presented for load scheduling or frequency regulation and
have been verified in [10-16], respectively. In [10], a novel decentralized demand control strategy for
family-friendly controllable refrigerators considering customer comfort level is proposed to regulate
the frequency of an autonomous micro-gird in coordination with the energy storage system, and a
benchmark low voltage autonomous micro-gird is established as a test system to verify the effectiveness
of the proposed decentralized demand control strategy. A dynamic frequency regulation strategy;,
which uses residential thermostatically controlled appliances to alleviate frequency deviations caused
by high penetration of renewable energy sources in the power system, is demonstrated in [11].
A demand-side response system for frequency control in agreement with suggestions proposed by the
European Network of Transmission System Operators for Electricity is illustrated in [12]. Masuta et al.
proposes a new supplementary load frequency regulation method through the use of a number of
electric vehicles and heat pump water heaters as controllable loads in [13]. The effectiveness of the
proposed load frequency regulation method is shown by numerical simulations conducted on the
power system model with a large integration of wind power generation and photovoltaic generation.
In [14], a direct load control strategy for domestic electric water heater is proposed to accommodate
wind power generation in Hokkaido, which indicates that the acceptable wind power generation
increases almost three times. Belov et al. proposes a way to alleviate customer comfort concerns by
pre-storing additional energy in electric loads before their disconnection from the grid in [15].

The aforementioned works provide basic theory for load scheduling; however, there are still
some issues that need to be tackled. To be specific, most of existing studies try to apply demand
response technology through changing domestic users” power consumption pattern. However, few
of the proposed strategies take domestic users’ comfortable level into account, which may drop off
domestic users’ interest in participating in demand response.

Therefore, it is necessary to analyze domestic users’ power consumption patterns and to effectively
optimize domestic electric water heater systems without influence users’ comfort level. More recently,
the state list-based method and the Monte Carlo simulation method have been introduced in [16,17]
to predict short-term loads and to optimize power plants. The Monte Carlo simulation method
is employed to create a short-term load forecast of an individual domestic electric water heaters
in [16]. It simulates load characteristics with full consideration of the randomness of residential loads;
moreover, it presents a model to estimate the relative error of the aggregated load forecast. On the
basis of the state-queuing control strategy, [17] proposes a queuing-controlled strategy with lock on
and off constraints for controlling an efficient power plant consisting of water heaters.
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Based on the aforementioned papers, this paper first simplifies the equivalent thermodynamic
parameter model of a domestic electric water heater, and then applies the Monte Carlo method to
simulate users” power consumption behavior. After that, this paper proposes a load scheduling
strategy which is based on the temperature state priority list to suppress active power fluctuation in an
autonomous micro-grid. Therefore, the contributions of this paper can be summarized as follows:

(1) The priority list strategy is first proposed, incorporating domestic electric water heaters’
temperature state and domestic users’ comfort level. In addition, to validate the effectiveness of
the proposed temperature state priority list method, a simplified temperature state priority list
method is applied to compare simulation results.

(2) The Monte Carlo method is proposed to model power consumption of a cluster of domestic
electric water heaters, and in this progress, the uncertainty of water heaters has been fully
considered by analyzing probability distribution of different water heaters’ parameters.

(3) The state of the art of domestic electric water control system is first introduced in this paper, and
this paper reveals how to monitor and control loads and power generation systems by Colorbox
and energy manage systems.

2. Domestic Electric Water Heater Models

As mentioned in the previous section, domestic electric water heaters have great potential in peak
shaving. In addition, an optimal domestic electric water heater control strategy can reduce domestic
users’ total electricity consumption and bills [18]. Therefore, it is critical to propose a domestic electric
water heater power flow model and an electric water heater load control model for optimizing the
operation of electric water heater systems in domestic buildings. In this section, two simplified
domestic electric water heater models are introduced.

2.1. Domestic Electric Water Heater Power Flow Model

Figure 1 shows power flow in a domestic electric water heater, and it reveals that electric power
injected into a domestic electric water heater can be used to heat cold water and compensate for
thermal loss. Therefore, the equivalent thermodynamic model of a domestic electric water heater can
be expressed as:

E. = Eout — Ein + L @

where E, represents for the input electrical energy (J), Eout and E;;, are the output hot water thermal
energy (J) and the input cold water thermal energy (J), and L is the thermal loss (J) of the tank.
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Figure 1. Power flow in a domestic electric water heater.
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Considering the fact that domestic electric water heater has relatively good performance on
thermal insulation and normally takes a very short time to heat water, therefore, heat exchange
between inside and outside of the tank (L) can be neglected when the water is heating. In addition, due
to the fact that water temperature in a domestic electric water tank has a very small difference [5], water
temperature in the tank is supposed to be uniform in this paper. Therefore, a simplified equivalent
thermodynamic model of a domestic electric water heater in time domain can be expressed as:

v T _ o6) 4 pev ()T — T(1)] @

Cdt
where Q(t) is the power consumption rate (J/s), p is density of the water (kg/m?), c is specific heat
capacity of water (J/kg-°C), V is volume of the tank (m?/s), V(t) is the user’s water consumption rate
(m3/s), T(t) is the real-time water temperature (°C) and T}, is the input cold water temperature (°C).
For a time period [ty, t], given Q(t) = Q and V(t) = Vp, then the real-time water temperature can
be formulated as:
T(t) = T(tg)e™ t10)/T L K[1 — ¢~ (F10)/7)) 3)

In (3) T and K are the time constant and coefficient, which can be expressed as:

14
_ Q+pcVpTyy,
K= = ®)

2.2. Domestic Electric Water Heater Load Control Model

It is always preferable to keep water in a domestic electric water heater within a preset range
[T1, Ty], and water in the tank is normally heated when its temperature is lower than the minimum
desirable temperature. Therefore, domestic electric water tank power consumption at time ¢ can be
described as:
P(t) — { gh/ ;(t) <TL 6)
, (t) > Ty

In (6), Py, refers to electrical power used to heat water (J/s), and when the domestic electric water
heater is switched on, Pj, equals to Q. T} and Ty represent the minimum desirable temperature and
maximum desirable temperature (°C), respectively. However, this load control model may result in
frequent switching and reduce energy efficiency. Therefore, to reduce the number of switching and to
keep the water temperature within the desirable temperature after it reaches the targeted value, in this
paper Py is the electrical power designed to compensate the thermal loss when the water temperature
is between the minimum and the maximum preset water temperature. Therefore, domestic electric
water heater power consumption at time ¢ can be modified as:

P, T(t)<Ty
P(t)y={ P, T.<T(t)<Ty )
0, T(t)>Ty

This section introduces the domestic electric water heater power flow and load control model. In
the next section, physical structure of domestic electric water heater control system will be introduced.

3. Domestic Electric Water Heater Control System

To achieve precise domestic electric water heater control, the temperature of the water in the tank
and the states of the domestic electric water heater should be recorded accurately. Colorbox is a device
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that can be used to collect and record room temperature, real-time air conditioner switch states and
temperature, and it has been widely used in the direct load control of air conditioners [19].

In this paper, a similar device with the same function is supposed to be equipped in the demand
side to collect and to record the domestic electric water heater’s temperature and operation states,
however, this device has not yet been produced in real world. In addition, this device has other two
functions: selecting demand response levels and controlling the domestic electric water heater. Figure 2
shows a domestic electric water heater control system with the Colorbox installation.

| |
Distributed generation | | ~--—-———————- LD g - - K

| ey
| Demand response |
|

| selection buttons |

~
- .I/ ~
) | -
Data record and process —e—

Uncontrollable loads | -
Energy Controllable loads
management (domestic electric

system water heater)

Figure 2. Domestic electric water heater control system.

In Figure 2, there are four buttons in the Colorbox that can be used to control demand response
levels. Users can convey their level of involvement into demand response by selecting different
colors. Also, the Colorbox can collect and record the controllable load’s (domestic electric water heater)
information, and then deliver it to the energy management system. The energy management system
receives information from the Colorbox, uncontrollable loads and distributed energy generators. After
that, the management system begins to analyze these data, decide the state of the domestic electric
water heater and then send the state back to the Colorbox. Finally, the Colorbox implements the
demand to realize the domestic electric water heater control.

4. Monte Carlo Simulation for a Cluster of Domestic Electric Water Heaters

The previous two sections have introduced single domestic electric water heater control models
and the physical structure of the control system of a single domestic electric water heater. However, the
operation of a single domestic electric water heater has great uncertainty; therefore, it is inappropriate
to use a single domestic electric water heater load curve to represent water heater load characteristics.
In addition, the great uncertainty of a single domestic electric water heater operation makes it difficult
to predict the load, which makes it difficult to implement day-ahead load control for power systems.

In this paper, multiple domestic electric water heaters grouped in a cluster are used as samples to
simulate load characteristics by the Monte Carlo method based on the single domestic electric water
heater models proposed in Section 2. Then, the simulation result will be used to schedule a cluster of
domestic electric water heaters in Section 5.
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According to Equations (3)—(5), power consumption of the nth domestic electric water heater can
be expressed as:

Va(t)
Tu(t) — Ta(to)e™ v ()
P, = (0 ”E ‘21)(t)(tt ) pcVu(t) — pcViu () Tip p ®)
1—e v V0

where P, is the power consumption rate of the nth domestic electric water heater (J/s), V,, is volume
of the nth tank (m3/s), V,(t) is the nth user’s water consumption rate (m>/s), T (t) is the nth domestic
electric water heater real-time water temperature (°C), and Tj, ,, is input cold water temperature of the
nth domestic electric water heater (°C).

Equation (8) reveals that the power consumption rate of the nth domestic electric water heater
can be affected by the operation time, the amount of hot water consumption, the preset hot water
temperature and the input cold water temperature. To simplify calculation and improve the accuracy of
Monte Carlo simulation results, all the parameters used for simulation have been pre-processed while
taking the system’s uncertainty into account. Table 1 shows important domestic electric water heater
system parameters’ probability distributions. The parameters in Table 1 are based on specifications
(handbook), users’ preference and experiment validation, and the main reason for selecting normal
distribution is that it can clearly show the mean and the standard deviation of samples.

Table 1. Domestic electric water heater system parameters’ probability distributions.

Parameter Symbols Distribution
Py (kW) n=0Vy
Vi (L) N (50,0.15)
Toimn(°C) N (45,0.05)
Tinn (CC) N (17,0.15)
AVyn (L) N (25,0.15)

Note: N(u,v) represents standard normal distribution, u is expectation and v is variance. The power consumption rate
of the nth domestic electric water heater (P,,); the volume of the nth tank (V,); the nth user’s water consumption rate
(Vu(t)); the nth domestic electric water heater real-time water temperature (T, (1)), the input cold water temperature
of the nth domestic electric water heater (T}, ,,).

In Table 1, « is a coefficient, T, , is the nth water heater’s targeted temperature (°C) and AV}, ,, is
water demand of the nth water heater (L). Before simulation, two assumptions need to be highlighted:

1.  Based on experiment measurements, the domestic electric water heater’s power consumption is
nearly directly proportional to the volume of the hot water tank. Therefore, for the simplification
of calculation, the domestic electric water heater’s power consumption used for the Monte Carlo
simulation is assumed to be directly proportional to the volume of the hot water tank in this paper.

2. Tap water temperature is approximately the same in a certain region. However, considering the
fact that ambient room temperature may fluctuate, the input water temperature is set as 17 °C
and the variance is set as 0.15 °C.

In this section, the Monte Carlo load characteristics simulation method has been introduced to
model controllable loads. In the next section, the Temperature State Priority List method is proposed
to optimize load scheduling for a cluster of domestic electric water heaters.

5. Temperature State Priority List Method for Load Scheduling

As shown in Figure 2, there are four buttons, which are Green, Yellow, Red and Black, in the
Colorbox that can be used to control demand response levels. The order of colors (green, yellow, red
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and black) represents response (priority) levels from high to low. In this paper, water heaters can be
categorized as follows:

G'= {81,828 &y}

Vo= v s gt

RE=A{r,ryry, - ry}

Bt = (b, b5, L, - b, )
4

©)

In (9), G!, Y!, R! and B! represent sets of domestic electric water heaters which are categorized into
green, yellow, red and black response levels at time t. g',, y',,, ', and V', represent the index of nth
water heaters allocated in the green, yellow, red and black sets, respectively. N7, N,!, N3' and N, are
the numbers of domestic electric water heaters in each set, respectively and satisfy:

N =Nj + Nj+ N§+Nj (10)

where N is the sum of the number of domestic electric water heaters in each set.

Now, the temperature state values (¢) for domestic electric water heaters are introduced to reorder
the elements within each set. To determine the order of domestic electric water heaters in each set,
water temperature, the time interval from the present to user’s expected operation time and the current
domestic electric water heater operation state need to be considered. Therefore, the mathematical
expression of temperature state values can be written as follows:

T (1= bty p <ty

Taim.n
e=41 ths <t < tye (11)
4 t—t,
Taim.n *(1_7) t>tn'e

In (11), T,;! is the nth water heater’s temperature at time f (°C), t,,s and t;, . are the start time and
the end time that the domestic electric water heater is used for taking a shower by domestic users (s),
T sim.n is the nth water heater’s targeted temperature, and ¢, is the total sampling time of a day (s).

Equation (11) reveals that domestic electric water heater’s temperature state value is close to 1 if
the water temperature in the tank is close to the targeted temperature and time ¢ is close to the time that
domestic electric water heater is occupied by users. In other words, the water heater is in high response
(priority) level if its water temperature is low and it has longer time interval from the present time to
the user’s expected operation time. Therefore, temperature state priority list can be formulated as:

Gt = {gglgé/gé,. .. ’gtN]t}

Yt = {%,%,%’.. . ’gtNé}

Rt = {ﬁ/%/%/ e //FtNt}
3

Bt — {gt,gt,’gt,. .. 'Eg\’i}

(12)

In (12), ¢, ¥, 7, and b, represent the nth elements in the reordered green, yellow, red and
black sets, respectively. To suppress power system active power fluctuation and shave peak demand,
this paper proposes a load scheduling strategy shown in Figure 3 based on the temperature state
priority list.
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Figure 3. Domestic electric water heaters’ load scheduling strategy based on the temperature state
priority list.

As shown in Figure 3, the temperature state priority list load scheduling method can be
summarized as:

Step 1: The energy management system receives domestic electric water heaters’ current response
levels and current status from domestic Colorboxes, confirms load scheduling levels and divides
domestic electric water heaters into different sets.

Step 2: Calculate the active power fluctuation rate based on Equation (13).

P —p!
0= =1

—L— % 100% (13)
L

where P! is the net active power at time ¢ and J is the power fluctuation rate. If § > 0, the net active
power at time f tends to increase, otherwise the net active power tends to decrease. Therefore, domestic
electric water heaters should be switched off to shave peak demand when the net active power tends
to increase and switched on to fill valley demand when the net active power tends to decrease. This
control method can be applied to reduce power system active power fluctuations.

Step 3: Calculate the temperature state value of each domestic electric water heater and reorder
these values from low to high in each group. Then, change the states of domestic electric water
heaters based on the temperature state priority list, and record all changes. Finally, stop change water
heaters’ state when the total active power used to load schedule equals to power system active power
fluctuation, which can be summarized as:

YoIPul = [Pt P (14)

Step 4: Update and adjust domestic electric water heaters” operation states, and return to Step 1
to schedule domestic electric water heaters for the next time period.

6. Case Study

This paper tries to schedule a cluster of domestic electric water heaters in a micro grid with
the proposed temperature state priority list method. In this micro grid, 2000 domestic electric water
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heaters are treated as controllable loads and the load curve of 2000 water heaters is simulated by the
Monte Carlo method, which has been demonstrated in Section 4. Figure 4 shows 2000 water heaters’
daily power consumption curve.

200
180
160
140
120
100

Power (kW)

80
60
40
20

00:00 04:00 08:00 12:00 16:00 20:00 24:00
Time (hour)

Figure 4. Two thousand domestic electric water heaters’ daily power consumption curve.

In addition, in this micro grid, distributed generations (photovoltaic power Pg and wind power
Pw) and residential uncontrollable loads measured by Tianjin University will be jointly used to
verify the efficacy of the proposed load scheduling method. Tables 2 and 3 are the data sheet of the
photovoltaic (PV) system and the wind power system. Figure 5 shows the daily renewable power
generation curves and Figure 6 shows the micro-grid daily uncontrollable electrical load curve.

Table 2. Three main types of photovoltaic (PV) panel data sheet.

Parameters PLUTO200-Ada* STP037d-18TJD1* STP030B-6/T]JD5*
Rated power (Pjuax) 200 W 37 W 30 W
Maximum power point current () 521 A 125A 25A
Maximum power point voltage (Vi) 384V 30V 12V
Short circuit current (I5c) 5,50 A 1.35A 27 A
Open circuit voltage (Vo) 46.1V 37V 15V
Operating temperature (T,) —40 °C to +85 °C
Efficiency 15.7%

* represents the type of PV panel.

Table 3. Wind power plant data sheet.

Parameters Value
Rated power 600 kW
Rated speed 1780 rpm
Cut-in speed 4m/s
Wind wheel radius 20 m
Moment of inertia of wind wheel 549206.4 kg-m2
Generator rotor inertia 34.4kg/ m?
Total moment of inertia 329.2kg/ m?
Gear box ratio 43.165
Damping coefficient 0 Nm-rad—!.s~!
Maximum wind power coefficient 0.4603

Air density

1.225kg/m?
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Figure 5. Daily renewable power generation curves.
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Figure 6. Daily uncontrollable electrical load curve.

Therefore, extra power needs to be supplied by the external electricity grid system (P.y), which
can be expressed as:

Pex = Pc + Pyc — Ps — Py (15)

where Pc and Pyjc are the daily controllable power consumption and the daily uncontrollable power
consumption, respectively.

In the next section, the simplified temperature state priority list and the temperature state priority
list control strategy are used to shave peak demand for the external grid system. Similar to the
temperature state priority list method proposed in Section 5, the simplified temperature state priority
list method also attempts to control domestic electric water heaters’ operation time for load scheduling,
however, the main difference between the two methods is that the simplified temperature state priority
list method ignores the states of a single domestic electric water heater. In other words, the simplified
temperature state priority list method does not calculate the temperature state value for each individual
water heater and does not sort the order of water heaters. Instead, water heaters that can participate in
peak shaving are set in advance.

For the simplified temperature state priority list method, domestic electric water heaters labeled
as 1751-2000 are set to participate in valley filling, and water heaters labeled as 1-2000 are set to
participate in peak shaving. To effectively shave peak demand, all of the domestic water heaters are
supposed to participate in peak shaving. However, to avoid introducing another peak in the daily load
curve, only 250 water heaters are supposed to participate in valley filling. In addition, the simulation
time step (At) is set as 300 s. The simulation time step selection compromises the conflict between
optimization time and the accuracy of optimization results.

For the temperature state priority list method, two groups of data have been established to verify
the efficacy of the proposed method. In group A, 1000 domestic electric water heaters are categorized in
the green, yellow and red groups to participate in load scheduling and the rest of heaters are allocated
in the black group, which does not participate in load scheduling. In group B, the number of heaters
which participate in load scheduling is increased to 1500, and the number of heaters allocated in the
black group is reduced to 500.
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7. Result and Analysis

7.1. Active Power Supplied by the External Grid System

Figure 7 shows the real time active power supplied by the external grid system based on
Equation (13). In case 1, renewable power generations (solar and wind) and controllable load are
excluded. In cases 2 and 3, renewable power generations have been considered, however, case 2
ignores daily controllable power consumption.

2250
S 2000
<1750
§ 1500

21250

=
o
o
o

750
500
250

Active power supplied by

the external grid

. . . . . . . .
00 04 08 12 16 20 24
Time (hour)

Figure 7. Active power supplied by the external grid system.

According to cases 1 and 2 shown in Figure 7, the gap between maximum and minimum
active power supplied by the external grid system is increased if renewable power generations
are available. In addition, cases 2 and 3 indicate that without an appropriate schedule strategy, the
access of controllable load (2000 domestic electric water heaters) can enlarge external grid active power
fluctuation to some extent. Therefore, it has a great potential to reduce the gap between maximum and
minimum active power supplied by the external grid system when domestic electric water heaters are
scheduled in a proper way.

7.2. Simplified Temperature State Priority List Optimization

Figure 8 shows the simulation results of the simplified temperature state priority list method.
Figure 8 indicates that the proposed simplified temperature state priority list method successfully
reduces the maximum active power supplied by the external grid system. Moreover, this method
can minimize the differences between the maximum power and the minimum power supplied by the
external grid.

Figure 9 shows the real-time active power consumption of 100 domestic electric water heaters that
participate in load scheduling. In Figure 9, the height of each color represents the real time active power
consumption of a given domestic electric water heater, and the summit of the curve at a particular
time represents the total power consumption of 100 domestic electric water heaters.

Figure 9 reveals that the proposed simplified temperature state priority list method has
successfully shifted the controllable load (100 domestic electric water heaters) and has shaved peak
demand for the micro-grid. However, this method can make a single domestic electric water heater
stay in working condition for a long time, and this is undesired in practical operation.

7.3. Temperature State Priority List Optimization

Figure 10 compares the optimization results of the simplified temperature state priority list and the
temperature state priority list control strategies. Figure 10 indicates that both control strategies have good
performance in suppressing power fluctuation and shaving peak demand for the micro-grid system.
Through optimization, these two methods achieve about 12.5% of peak demand reduction. However,
compared to the simplified temperature state priority list control strategies, the temperature state priority
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list method has a wider active power fluctuation range and takes a longer reaction time, which proves
that setting the order for domestic electric water heaters can affect scheduling results to some extent.

Figure 8. Simulation results of the simplified temperature state priority list control strategy.
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Figure 9. Real time active power consumption of 100 domestic electric water heaters based on the
simplified temperature state priority list method.
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Figure 10. Optimization results of the simplified temperature state priority list and the temperature
state priority list control strategies.
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Figure 11 shows real time active power consumption of 100 domestic electric water heaters that

are categorized in the green, yellow and red groups to participate in load scheduling based on the
temperature state priority list method.
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Figure 11. Real time active power consumption of 100 domestic electric water heaters based on the
temperature state priority list method.

Figure 11 reveals that the proposed temperature state priority list method has successfully shifted
controllable load. In addition, compared to Figure 9, Figure 11 shows that the operation time of a single
domestic electric water heater is significantly reduced. This has more real-world feasibility compared
to the simplified temperature state priority list method.

With the increase of domestic electric water heaters which participate in load scheduling, the
optimization results can be different. Figure 12 shows optimization results of real time total active
power supplied by the external grid system of group A and group B (defined in Section 6).
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Figure 12. Optimization results of real time total active power consumption of groups A and B.

Figure 12 reveals that with the increase of domestic electric water heaters which participate in
load scheduling, the given micro-grid system power fluctuation can be further suppressed. Meanwhile,
the maximum active power needs to be supplied by the external grid system can be slightly reduced.
With the increase of water heaters which participate in load scheduling, system flexibility has been
improved to some extent, and this is the key reason for further suppressing active power fluctuation
and further shaving peak demand. However, to achieve this, about 1.2% of extra electrical energy
needs to be supplied by the external grid.
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8. Conclusions

This paper tries to suppress power fluctuation and shave peak demand for a micro-grid through
optimizing domestic electric water heaters (controllable load). To achieve this, this paper first proposes
a domestic electric water heater models to optimize the operation of a single domestic electric water
heater system. Then, the Monte Carlo method is used to simulate the daily power consumption of
a cluster of domestic electric water heaters. After that, the temperature state priority list method is
proposed to suppress power flow and shave peak demand for the given micro-grid.

The optimization results show that the proposed simplified temperature state priority list and the
temperature state priority list methods both have good performance on suppressing power fluctuation
for the micro-grid system. Simulation results also show that both of the proposed methods can achieve
12.5% of peak demand reduction. However, for the simplified temperature state priority list method,
it requires keeping some of domestic electric water heaters in an operational state for a long time,
which does not have real-world feasibility and, for the temperature state priority list method, it gives
a wider active power fluctuation range and needs a longer reaction time. To reduce active power
fluctuation and to suppress maximum active powet, it is necessary to increase the number of domestic
electric water heaters that can participate in load scheduling. However, optimization results show that
about 1.2% of extra electrical energy needs to be generated if the number of domestic electric water
heaters participating in load scheduling is increased to 1500 from 1000.

Therefore, the proposed temperature state priority list method does have good performance on
peak shaving and suppressing power fluctuation. However, how to reduce active power fluctuation
range and reduce system reaction time without significantly increasing extra electrical energy imported
from the external grid system may need to be studied in future work. In addition, it is meaningful to
schedule domestic loads with considering different load generation/usage patterns.
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