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 We propose a system of distributed energy that combines a dynamic game model (DGM) 
with the Central Weather Bureau’s weather data, and apply it to the power dispatch of a 
distributed grid. A programmable logic controller (PLC) and human–machine interface (HMI) 
are used to build the distributed grid for dispatching renewable energy. Moreover, the weather 
overview for 3 days is downloaded by using MATLAB/Simulink and the Python programming 
language to link to the weather forecast data, and the power generation on the next day is 
estimated on the basis of the weather data to dispatch the distributed energy according to the 
time-of-use power price and management plan announced by the power company. In addition, 
the weather data may change owing to the changeability of the weather. Therefore, this system 
can, at any time, obtain the latest weather data, apply the DGM, and dispatch the stored 
distributed energy in accordance with the power company’s demand bidding measures, so that 
the power system can achieve the most economic power when there is high demand. It was 
found that the managed dispatch of all the power supplies and loads had optimal efficiencies, 
and the power company’s reserve capacity was increased to achieve optimal power dispatch.

1. Introduction

 In recent years, with the temperature rise in summers, the electricity consumption in Taiwan 
has risen dramatically. As a result, Taiwan Power Company has been short of power supply, 
with the estimated operating reserve ratio having become increasingly low. With the increase 
in environmental awareness, clean, pollution-free, and inexhaustible energy is urgently needed. 
Hence, the purposes of this paper are the development and integration of renewable energy. As 
a solution for all governments to issues such as world energy, global warming, air pollution, 
and urban living, the applications of distributed grids are gradually expanding. These grids 
use regional energy management dispatch and distribution through the real-time information 
analysis of energy-related data to achieve energy conservation, carbon reduction, and improved 
power efficiency.
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 Most traditional power generation systems are centralized, transferring power from power 
plants to the regions where power is needed. As the power demand increases, the operation 
and maintenance costs increase, and it becomes difficult to meet user needs for stability and 
safety. Taiwan suffered a power cut crisis from July 29, 2017 to August 14, 2017; the power 
transmission tower of Heping power plant collapsed on July 29, 2017 due to Typhoon Nesat, so 
power could not be transmitted outward. Taiwan Power Company immediately lost about 1.3 
GW of its reserve capacity, about 4% of the operating reserve ratio, and it was only just possible 
to avoid a power cut. Even with ample operating reserves, if such serious failures or emergencies 
occur in the power transmission and distribution system, power plants will be unable to transmit 
power, leading to supply problems and power cuts. The vulnerability and instability of power 
grids are also revealed in natural disasters and emergencies. Compared with centralized power 
grids, distributed grids have advantages such as a high energy utilization ratio, low pollution, 
and small line loss. The main reason why distributed grids were not applied in the past is 
that the power could not be adjusted in a timely manner with the peak demand; owing to the 
communication technology and infrastructure technology in the past, the power needed to be 
determined one day in advance. Moreover, renewable energy used to be more unstable and 
cause many difficulties in power grid operation and dispatch, which greatly affected the quality 
and reliability of the power supply in power grids.
 Nowadays, with the advanced technology and rapid progress of energy information 
technology, smart electricity meters have been developed and become a key infrastructure 
of distributed grids. The advanced metering infrastructure (AMI) is growing in popularity, 
allowing users to know their power consumption and power prices through smart electricity 
meters and online information systems.(1,2) Moreover, the cost of managing power demand 
is greatly reduced. The common strategies in performing demand response (DR), including 
time of use (TOU), real-time pricing (RTP), critical-peak pricing (CPP), peak time rebate 
(PTR), and system peak response transmission tariff, provide a basis for users to determine 
whether to consume power at present by controlling their consumption based on the price.(3) 
DR refers to customer selling (demand) power back to the system in response to some signal 
(i.e., a price emergency call), or refers to the capacity of an electricity customer to reduce 
their consumption as the price rises on an hourly basis in wholesale markets or to reduce their 
consumption in response to emergency calls for curtailment or to reduce the load to forestall 
the need to implement rolling blackouts. The ways of implementing DR can be roughly 
divided into the demand side and supply side. The demand side refers to client management; 
if there is high demand, the power users are made to reduce their load. The method can be 
active or passive, and the main difference between them is whether the users have the right 
to participate in the DR plan. In the active DR, the power company announces the electricity 
charge deduction standard on the bidding platform at fixed times to make the users change 
their power consumption patterns, which is also called demand bidding. In the passive DR, 
the power company directly reduces the load of power users when a DR is needed, where the 
most common way is direct load control (DLC).(4) In this study, through the incentive of tariff 
discount, users can reduce peak load power consumption, and the concept of “time price” is 
used to change the user’s electricity consumption habits. Part of the power demand is transferred 
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from the period of higher price to the period of lower price. As a result, the user is rewarded by 
a reduction in the cost of electricity provided by the power company, and the power company 
can also reduce the power generation cost and increase reserve capacity during peak demand.

2. Research Method

 A dynamic game model (DGM) can be applied to a smart grid.(4) The DR of users in each 
hour is predicted, and the DGM is used to allocate auxiliary service power according to the user 
DR and interruptible power.(5,6)

 The energy of distributed grids is a diverse system and the renewable energy output 
fluctuates greatly, so the energy dispatch system must have sufficient capacity, load control, 
and voltage regulation by adjusting the power for the users according to the operation status. 
Therefore, in this study, a weather forecasting model is added to estimate the power generation 
through the weather data and determine whether a DGM needs to participate in the DR.
 The distributed energy in this study includes solar energy, wind energy, fuel cells, backup 
diesel generators, and storage batteries, among which solar energy accounts for the largest 
proportion. Hence, it can be determined from the amount of solar energy generation whether to 
participate in the DR and whether to turn on generators or reduce the load for energy saving, 
carbon emission reduction, and electricity cost reduction.

2.1 Solar energy generation

 The principle of solar energy generation forecasting is usually based on weather forecast 
data or actually measured weather data, and suitable forecast models and algorithms have been 
established to forecast solar power generation for some time in the future by combining them 
with factors related to geographical location. There are many types of methods to forecast solar 
power generation, which can be divided into direct and indirect forecast methods according to 
the forecast process. The direct forecast method is to forecast the power generation under the 
weather conditions for some time in the future, and this method is based on historical data and 
is also called data statistics. The indirect forecast method is to indirectly forecast the power 
generation of a solar energy system by forecasting the sunlight radiation intensity received by 
the ground or solar energy components.(7)

 Solar power generation is related to factors such as sunlight intensity, temperature, weather, 
and geographical location, among which the meteorological factors including air temperature, 
humidity, and sunlight radiation are closely related to power generation. Figures 1(a) and 
1(b) show the correlation between hourly power generation and temperature and humidity, 
respectively, indicating that the daily power generation is positively related to temperature and 
negatively related to humidity. Hence, air temperature and humidity were selected in this paper 
as the parameters of the power generation forecast model. The forecast model is given by Eq. (1), 
where RH means humidity, T means air temperature, and Ssolar means the forecast solar power 
generation.
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2.2 Wind energy generation

 Two main models are used in the prediction of wind energy generation, namely, physical and 
statistical models, and both of them are similar to the models used for solar energy prediction. 
The physical model is used to simulate the prediction of a wind field based on the results of 
a numerical weather forecast, using mesoscale or microscale models. The statistical model is 
used to analyze the correlation between the wind field and the numerical weather forecast in 
the historical data and to forecast the wind-power generation within a certain period of time in 
the future, in the same way that the data statistics of solar energy are used for predictions and 
analyses based on big data.(8)

 In wind-power generation, the blades of the wind generators are driven mainly by wind to 
generate electricity. In this paper, the hourly wind speed was established on the basis of the 
average wind speed of the daily meteorological data, as shown in Fig. 2(a). The wind-power 
generation prediction model [Eq. (2)] was established after the wind speed was calculated from 
the minimum wind speed in Table 1 to predict the hourly power generation Swind of a wind 
generator, where ρ is the air density. Normally, the dry air density is about 1.29 kg/mm3, so 
1.29 was taken as ρ in the calculation. R is the radius of the wind generator blade in meters. 
In this paper, the specifications of a wind generator are as follows: the energy usage is 2 kW, 
the rotation radius is 1.25 m, the wind speed is VW, and the daily power generation of the wind 
generator is shown in Fig. 2(b).

 2 30.5wind WS R Vρ π= × × × ×  (2)

 Finally, the total power capacity of renewable energy is given by 

 Srenew = Ssolar + Sfuel + Swind + Sbattery. (3)

Fig. 1. (Color online) (a) Correlation between solar power generation and air temperature and (b) correlation 
between solar power generation and humidity.

(a) (b)
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2.3 Establishment of DGM

 Under the condition of maximum user benefit, we first estimated the demand for the next 
day and the power that can be cut. Then the generating capacities of all units, the generating 
costs of all units, and the operating reserve were considered to find the optimal dispatch for 
units when performing the DR. According to the demand bidding management measures of 
Taiwan Power Company, the power consumption is reduced for 2 or 4 h per day, the peak hours 
are from 10 am to 12 pm and from 1 pm to 5 pm, and the solar power generation is greatest 
from 10 am to 3 pm. Hence, in this study, the time during which the DR plan was carried out 
was divided into two periods: 10 am to 12 pm and 1 pm to 3 pm, with 4 h of reducing power 
consumption, h = 10:00, 11:00, 13:00, 14:00 (h represents time). The capacity required by the 
distributed power supply during period h, SDG,h, can be obtained from Eq. (4), where Sp,h is the 
forecast demand and Si,h is the adjustable load reduction demand.(4) 

 SDG,h = Sp,h − Si,h − Sl,h (4)

 After the demand was calculated, the probability of participating in (cooperative) DR was 
estimated as 

(a) (b)

Fig. 2. (Color online) (a) Hourly wind speed and (b) hourly power generation.

Table 1
Beaufort scale.
Beaufort number Wind speed (m/s)
0 0.3↓
1 0.3–1.5
2 1.6–3.3
3 3.4–5.4
4 5.5–7.9
5 8.0–10.7
6 10.8–13.8
7 13.9–17.1
8 17.2–20.7
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 Sp,h can be used to obtain the DR state according to the forecast demand, which is expressed 
by the attribution degree from 0 to 1. A value equal to or close to 1 indicates high willingness 
to participate in DR. Alternatively, if a decrease in the inducement value is announced in the 
previous hour, the willingness to participate decreases and the test value of Eq. (5) decreases. 
If the willingness to participate is low (non-cooperative), Eq. (6) is equal to or close to 1. In 
other words, DR'h is the similarity detection of participation in DR, and users’ willingness to 
participate is shown in Fig. 3(a). Using Eq. (7), we obtain the membership function of distributed 
energy resources. The requirement on the distributed energy resources is shown in Fig. 3(b).
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 The sum of the distributed energy capacities, SDG = Sp,h − Si,h, h = 10:00, 11:00, 13:00, 14:00, 
is used in the DGM to find the best profit distribution. The distributed energy resources are 
determined by the degree of participation to achieve the balance between supply and demand in 
the DGM.(9,10) According to the users’ DR and the requirement on distributed power resources, 
the users’ DR can be divided into two strategies: (1) extent of willingness (participation); (2) 
extent of unwillingness (nonparticipation). The requirement on distributed power resources 

Fig. 3. (Color online) (a) Similarity detection of participating in DR and (b) users’ requirement on distributed 
energy resources.

(a) (b)
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can be divided into (1) renewable energy and (2) backup power of an alternator. According 
to the above situation, the following list is formed: (1) (participation, renewable energy); (2) 
(nonparticipation, renewable energy); (3) (participation, backup power of alternators); (4) 
(nonparticipation, reserved backup power of alternators), and the mathematical expression of the 
renewable energy distribution is as follows:

 , 1
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renew
h DG h h

h renew
hh DG h

DR DR S
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SDR DR

 ×  
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 The threshold value of the DR is 50 kW, and after the loads distributed to the renewable 
energy resource and actually turned off are deducted, Sh,acgen is the resource needed to be 
supplemented by the generator.

• Power resource distribution of an alternator: 
 Participation strategy:

 Sh,acgen = 50 kW − Sh,renew − Sl,h. (11)

2.4 Operation strategy study

 In the distributed energy dispatch strategy, factors such as the load variation, renewable 
energy variation, DR, and time-of-use power price are considered to analyze the users in 
different situations; to adjust users’ energy storage equipment, diesel generators, and load 
control by using the estimated solar power generation; and to maximize the benefits of power 
consumption.
 There are two operation strategies: the dispatch strategy of participation in DR and the 
dispatch strategy of nonparticipation in DR. In the strategy of participation in DR, participation 
in DR occurs when DRh > 0.5, with the process shown in Fig. 4. The variable loads are adjusted 
to reduce power consumption during daily peak hours. By coordinating with the DR, if the 
renewable energy resources are insufficient, diesel generators and storage batteries are used 
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to meet the power demand. In the dispatch strategy of no DR, energy storage devices and 
diesel generators are mainly used to reduce the expenses of power users. In this paper, for the 
two strategies, the load curves of industrial power users were simulated using Taiwan Power 
Company’s daily power consumption curve and the reliable power price table of DR. The peak 
hours from 10 am to 12 pm and from 1 pm to 3 pm (a total of 4 h) were selected for the DR, and 
various situations were simulated for actual measurement analysis to calculate the maximum 
benefits to be obtained. 

2.4.1 Strategies of participation and nonparticipation in DR

(1) Strategy of nonparticipation in DR
 The distributed energy of grids is a diverse system and sufficient reserve capacity must 
be provided, so nonparticipation in DR is chosen in the case of insufficient reserve capacity 
(DRh < 0.5). In terms of power consumption, renewable energy (wind energy, solar energy) and 
stored energy are provided preferentially, and the distributed capacity of the renewable energy 
distribution capacity Sh,renew and the distributed capacity of the alternator backup power Sh,acgen 
are allocated according to DGM resources. The power consumption flow is shown in Fig. 5.

(2) Strategy of participation in DR
 In the strategy of participation in DR, the distributed energy is dispatched during the peak 
hours from 10 am to 12 pm and from 1 pm to 3 pm. The power consumption flow is shown in Fig. 6. 

Fig. 4. (Color online) Decision-making process of participation in DR.
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According to the DR management measures of Taiwan Power Company, the minimum limit of 
each low capacity is 50 kW, so the following condition is met:

 SDG,h + Si,h ≥ 50 kW. (12)

 According to the DR management measures of Taiwan Power Company,(11) the notice for 
reducing power consumption is given a day in advance, and the quoted price per degree of 
reduced power consumption is submitted to the power company at application and is no more 
than $10 (to 2 decimal places), and the change may be applied before 11 am on the day before 
reducing power consumption. The daily notice to reduce power consumption can be 15 min, 
30 min, 1 h, 2 h, or 1 day in advance. Different electricity charge deductions are provided at 
different time points, and the deduction standards are shown in Table 2.

3. Results of Simulation Test

 In this study, it is assumed that a power consumer participated in DR with a reliable plan, 
a low contract capacity of 50 kW, and a distributed energy system. The distributed energy 
included solar power, wind power, fuel cells, storage batteries, and backup diesel generators. 
The users’ daily load curve in summer is shown in Fig. 7(a). The maximum demand was at 
11 am (maximum demand = 93.7 kW), and the solar power generation was sufficient from 
10 am to 3 pm. Hence, the peak hours (10 am to 12 pm and 1 pm to 3 pm, a total of 4 h over two 

Fig. 5. (Color online) Decision-making process of strategy of nonparticipation in DR.

Fig. 6. (Color online) Decision-making process of strategy of participation in DR.
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periods) were selected as the DR time to effectively suppress the maximum demand. The load 
was reduced in cooperation with the disposable load of backup diesel generators and power 
users to reduce the demand on the main grid, and the power company was informed of the DR a 
day in advance.
 As shown in Fig. 7(b) and Table 3, the hour from 12 pm to 1 pm is excluded from the 5 h 
from 10 am to 3 pm, the average hourly reduced capacity is 53 kW, the reduced capacity is 
50 kW more than the minimum limit, the renewable energy provides a total power of about 
48 kW or an average of 12 kW per hour, the backup generator provides a total power of about 
105 kW or an average of 26.24 kW per hour, and the average hourly power outage is 14.75 kW. 
In terms of this DR, according to the electricity charge deduction standards in Table 2, a total 
of electricity charge deduction of NT$ 4732, comprising the basic electricity charge of 3900 and 
the current electricity charge of 832, is obtained. The electricity charge deduction incentive in 
all periods is shown in Table 4.
 Without considering the brands and electrical loads of backup diesel generators, the 
generator fuel consumption was 7.5 ℓ/h, the fuel consumption of power generation in 4 h was 
about 30 ℓ, the diesel was priced at 15 per liter, and the cost of the backup diesel generators was 

Table 2
Electricity charge deduction standards for implementation of reducing power consumption.
Notice of implementation of reducing 
power consumption

Basic electricity charge deduction 
($/kW)

Current electricity charge deduction 
($/kW)

15 min 65 10
30 min 65 10
1 h 65 8
2 h 65 6
Previous day 65 4
(1) Basic electricity charge deduction: reduced contract capacity × 65 $/kW × 120%. 
(2) Current electricity charge deduction: actual reduced capacity × hours of low power consumption implementation × 
quoted price per degree of lower power consumption.

Fig. 7. (Color online) (a) Daily load curve of power users and (b) allocation results of DR and distributed energy 
resources.

(a) (b)
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about 30 × 15 = 450. Hence, after the power generation cost was deducted from the electricity 
charge, an electricity charge deduction incentive of 4282 was obtained in this implementation 
of DR. If a total of nine DRs in a month were implemented, a deduction incentive of 4282 × 9 
= 38538 would be obtained. However, all DRs had different results, so it was estimated that the 
deduction incentive for one month ranged from 35000 to 40000. 

4. Discussion 

 The results of the simulation test verified the use of the DGM to determine whether to 
participate in DR according to the power outage, distributed energy capacity, and backup 
generator capacity, and to allocate the renewable energy, the capacity of backup diesel 
generators, and detachable loads required to participate in DR during peak hours, so as to 
maintain low power consumption below 50 kW. The results show that the DGM can effectively 
distribute power and achieve the optimal results for power consumption and return.

5. Conclusions

 According to the research results of this study, the DR plan was found to be reliable, and 
reducing power consumption was implemented for 36 h in one month. If the contract conditions 
for reducing power were met, the incentive of electricity charge deduction after implementation 
would be about NT$ 35000–40000.
 If users can expand the distributed power generation capacity and storage capacity and 
cooperate with government programs, such as the green roof program with civic participation(12) 
and the subsidized solar photovoltaic power generation system implementation program,(13–15) 
to gain more benefits, and if the power company provides more effective strategies, such as a 

Table 3
Allocation results of DR and distributed energy resources.

Time DRh DR'h ,
renew
DG hDR Sh1 Sh2

Renewable 
energy (kW)

AC generator 
(kW)

10:00–11:00 0.7742 0.2258 0.8735 0.6763 0.1972 11.6132 23.3868
11:00–12:00 0.8584 0.1416 0.6869 0.5896 0.0973 12.8754 30.1246
13:00–14:00 0.7955 0.2045 0.9187 0.7309 0.1878 13.5242 23.4758
14:00–15:00 0.8334 0.1666 0.946 0.7883 0.1576 10.0002 27.9998

Total 48.013 104.987

Table 4
Results of electricity charge deduction.
Notice of implementation of reducing 
power consumption

Basic electricity charge deduction 
($/kW)

Current electricity charge deduction 
($/kW)

15 min 50 × 65 × 1.2 = 3900 52 × 4 × 10 = 2080
30 min 50 × 65 × 1.2 = 3900 52 × 4 × 10 = 2080
1 h 50 × 65 × 1.2 = 3900 52 × 4 × 8 = 1664
2 h 50 × 65 × 1.2 = 3900 52 × 4 × 6 = 1248
Previous day 50 × 65 × 1.2 = 3900 52 × 4 × 4 = 832
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higher electricity charge discount, off-peak electricity for air conditioning systems, and power 
consumption reduction, to effectively reduce the power consumption during peak hours, then, 
under this architecture, carbon emissions can be effectively reduced, the power industry’s 
reserve capacity can be increased, and users can also obtain cheaper electricity, resulting in a 
win–win–win situation.
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