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Second, a method for determining the optimal DR capacity in a COB with chiller system and 
ESS. In the proposed scheme, the optimal DR capacity (kW) can be determined so that the total 
expected cost of a COB becomes minimum by chiller system and ESS while avoiding DR penalty 
threat adopted in the Korean DR market. Here, since it is to reduce the long computer time needed 
to run the simulation based on the mathematical formulation, it is necessary to give some 
representative ambient temperatures. In order to give the desirable representative ambient 
temperatures, this paper presents a method for determining the representative ambient temperature 
by the k-means clustering algorithm which is popular for cluster analysis in data mining fields. 
Simulation results showed that the proposed scheme not only can simply find representative 
ambient temperatures based on big historical ambient temperature group but also can determine 
the optimal DR capacity using by chiller system and ESS for minimal energy cost associated with 
utility cost, DR reward, and DR penalty.  

This paper is organized as follows. Chapter 1 describes the background of DR mechanism, type 
of proposed DR resources, uncertainty, and the objective of this thesis, and Chapter 2 introduces 
DR participation in the Korean regulation market, behavior for the DR participants, and technical 
issues for successful DR participation. Chapter 3 proposes the operation scheduling algorithm 
which divides into day-ahead operation scheduling and rescheduling on D-day in a COB with 
chiller system and ESS. Chapter 4 proposes a method for determining the optimal DR capacity 
using chiller system and ESS in a COB. Chapter 5 summarized the achieved results as the above 
chapter of this thesis. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
Keywords: Energy management system (EMS), demand response (DR), energy storage system (ESS), 

chiller system 



v 
 

Contents 

1. Introduction                                                            1 
1.1   Background ································ ································ ·····················  1 
1.2   Demand Response (DR) ································ ································ ······  3 
      1.2.1   Demand response programs ································ ·······················  5 
      1.2.2   Emergency demand response programs································ ··········  6 
1.3   Demand Response Resource (DRR) ································ ·························  7 
      1.3.1   Type of demand response resources ································ ··············  7 
      1.3.2   Type of demand response resources for end-users ······························  7 
      1.3.3   HVAC for DR ································ ································ ·······  8 
      1.3.4   Energy storage system (ESS) for DR ································ ············  11 
1.4   Uncertainty ································ ································ ·····················  13 
1.4   Organization of Chapters ································ ································ ·····  13 

2.  DR participation for end-user to the target DR market                         15 
2.1   Introduction ································ ································ ····················  15 
2.2   The Korean DR market································ ································ ·······  16 
2.3   Behavior for the DR Participation ································ ··························  16 
2.4   Technical issues for DR participation ································ ······················  17 
      2.4.1   Determination of the optimal DR capacity ································ ·····  17 
      2.4.2   Day-ahead operation scheduling ································ ·················  18 

3.  Operation schduling in a Commercial Building with Chiller System and Energy 
Storage System                                                            19 

3.1   Introduction ································ ································ ····················  19 
3.2   Scenarios for Uncertainties ································ ································ ··  20 
      3.2.1   DR event ································ ································ ············  20 
      3.2.2   Ambient temperature ································ ······························  20 
3.3   Mathematical Formulation ································ ································ ···  20 
3.3.1   Concept of the proposed DR market ································ ·····················  21 
      3.3.2   Day-ahead operation scheduling ································ ·················  21 
      3.3.3   Operation rescheduling on D-day ································ ················  26 
3.4   Simulation Results (Day-ahead operation scheduling) ································ ···  28 
      3.4.1   Simulation conditions ································ ·····························  29 
      3.4.2   Obtained simulation results (Conventional) ································ ······  31 



 
 
 

 

      3.4.3   Obtained simulation results (Proposed) ································ ··········  33 
      3.4.4   The main advantages of the proposed method ································ · 34 
3.5   Simulation Results (Operation rescheduling on D-day) ································ ··  36 
      3.5.1   Simulation conditions ································ ·····························  39 
      3.5.2   Obtained simulation results ································ ·······················  39 
3.7   Conclusion ································ ································ ·····················  43 

4.  Determination of the optimal DR capacity in a Commercial Building with Chiller 
System and Energy Storage System                                            45 

4.1   Introduction ································ ································ ····················  45 
4.2   Mathematical Formulation ································ ································ ···  46 
      4.2.1   Determination of the DR capacity ································ ···············  47 
      4.2.2   Dermination of representative ambient temperatures ·························  50 
      4.2.3   Architecture for the proposed DR algorithm ································ ···  52 
4.3   Case Studies ································ ································ ···················  54 
      4.3.1   Estimation for representative ambient temperatures ···························  54 
      4.3.2   Economic evaluation of the proposed DR algorithm ··························  61 
4.4   Conclusions ································ ································ ····················  70 

5.  Conclusion                                                            71 

Acknowledgment                                                          73 

References                                                               74 

Appendix A       K-means clustering algorithm                               79 

Appendix B       The silhouettes analysis                                    81 
 



vii  
 

List  of Figures 

1.1   Annual global anthropogenic carbon dioxide (CO2) emissions [1] ·······················  1 

1.2   GHG emissions by economic sectors [2] ································ ·····················  2 

1.3   Observed annual and decadal global mean surface temperature anomalies [2]··········  2 

1.4   The concept of demand response ································ ······························  4 

1.5   Demand response event ································ ································ ·········  4 

1.6   Role of Demand Response in Electric System Planning and Operation ··················  5 

1.7   Schematic of HVAC system in a commercial building ································ ·····  9 

1.8   The schematic of a typical building HVAC system ································ ·······  10 

1.9   Market share of ESS applications ································ ···························  11 

1.10  Schematic of ESS ································ ································ ··············  11 

1.11  ESS utilizations [20] ································ ································ ··········  12 

1.12  Entire structure of thesis ································ ································ ······  14 

2.1   System configuration of a COB ································ ·····························  17 

3.1   Time chart DR operation used in the DR market ································ ··········  21 

3.2   Signal driven DR operation used in the proposed method ·······························  22 

3.3   Concept of the mathematical formulation for day-ahead scheduling ···················  23 

3.4   Concept of operation rescheduling on D-day ································ ··············  28 

3.5   Daily load data of a COB excluding chiller system and ESS ····························  29 

3.6   Temperature profiles for day-ahead operation scheduling ·······························  30 

3.7   Obtained optimal operations for day-ahead scheduling (Conventional) ················  31 

3.8   Obtained optimal operations for day-ahead scheduling (Proposed) ·····················  31 

3.9   Analyses of obtained power consumption by the proposed method ····················  33 

3.10  Other obtained day-ahead operation scheduling by the proposed method ·············  36 

3.11  Analysis of obtained power consumption of chiller system considering both                               

of pre-cooling for DR and thermal comfort for the three temperature scenarios ······  39 

3.12   Temperature profiles for operation rescheduling ································ ·········  40 

3.13   Obtained optimal operations rescheduling on D-day (Applied with Actual T1) ·····  41 

3.14   Obtained optimal operations rescheduling on D-day (Applied with Actual T2) ·····  41 



 
 
 

 

3.15   Obtained operation rescheduling ································ ···························  42 

3.16   Analysis of rescheduled power consumption of chiller system ························  43 

3.17   Obtained optimal operation after rescheduling ································ ···········  43 

4.1   Architecture for the proposed DR algorithm used to solve the optimal DR capacity  

     problem ································ ································ ··························  54 

4.2   Input temperatures profiles for estimation ································ ·················  55 

4.3   Silhouette value calculation to the various clustering ································ ····  57 

4.4   Determination of representative ambient temperatures ································ ··  58 

4.5   Obtained the DR capacity ································ ································ ····  59 

4.6   Estimation for the optimal DR capacity ································ ····················  60 

4.7   CBL for the optimal DR capacity ································ ···························  60 

4.8   Input temperatures profiles for economic evaluation ································ ·····  62 

4.9  Silhouette value calculation to the various clustering ································ ······  64 

4.10  Determination of representative ambient temperatures ································ ··  66 

4.11  Economic evaluation for every case ································ ························  67 

4.12  DR Penalty analysis for Case 2 and Case 3 ································ ················  69 



ix 

List of Tables 

1.1  Major EDRPs ································ ································ ·····················  6 

3.1  Nomenclature for mathematical formulation································ ················  23 

3.2  Simulation parameters ································ ································ ·········  29 

3.3  Assumed DR event scenarios ································ ································ · 29 

3.4  Simulation cases under DR resource category ································ ··············  37 

3.5  Simulation results for ESS enhancing to day-ahead forecasting temperature forecasting 

error. ································ ································ ·····························  38 

4.1  Nomenclature for mathematical formulation································ ················  46 

4.2  DR event scenarios ································ ································ ·············  56 

4.3  Simulation parameters ································ ································ ·········  56 

4.4  Parameters of DR event scenarios for economic evaluation ······························  63 

4.5  Simulation cases under DR resource category ································ ··············  63 

4.6  Assumed actual DR event scenarios for economic evaluation ····························  64 

4.7  Optimal DR capacity under simulation cases ································ ···············  64 

 

 







 
 
Development of a DR Energy Management Algorithm with Chiller system and ESS       Joonho Son 

 

2 

 

Figure 1.2: GHG emissions by economic sectors [2] 
 

 

Figure 1.3: Observed annual and decadal global mean surface temperature anomalies [2] 
 

Lower energy uses becomes an essential element of mitigation strategies for keeping temperature 
increase below 2 [°C]. The potential of end-use energy efficiency improvement in transport, 
buildings and industry is large: at least about 40-60%, 30-60%, and 30-50% respectively by 2050, 
compared to the baseline. Especially, human choices can be changed in transport modes, diet, and 
energy use in households for emission reduction. Buildings are big opportunities for emission 
reduction in new and renovated building by an energy management system (EMS), which can save 
electricity usage by changing lifestyle and behavior. Industry has also significant opportunities to 
improve energy efficiency, efficiency of material use, recycling and reuse in the short term, 
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shifting usage to lower-priced hours, as well as any explicit financial payments the customer for 
agreeing to or actually curtailing usage in a demand response program. Second, lower wholesale 
market prices that result from demand response translate into reduced supply costs to retailers and 
eventually make their way to almost all retail customers as bill savings. Finally, customer are 
provide reliability by load reductions to the reduced risk of losing service in a blackout.  

1.2.1 Demand response programs 

Demand response options can be deployed at all timescales of electricity system management 
and can be coordinated with the pricing and commitment mechanisms appropriate for the timescale 
of their commitment or dispatch as shown in Fig. 1.6 [5]. As you can see, DR can be classified into 
two types; Time-based programs and Incentive-based programs. If utility resource planners and 
system operators have a good sense of how their customers respond to changes in the price of 
electricity, price-based demand response options may be incorporated into system planning at 
different time scales. Time-of-use (TOU) means a rate with different unit prices for usage during 
different blocks of time, usually defined for a 24 hour day. TOU rates reflect the average cost of 
generating and delivering power during those time periods. And Real-time pricing (RTP) is defined 
a rate in which the price for electricity typically fluctuates hourly reflecting changes in the 
wholesale price of electricity. Customers are typically notified of RTP prices on a day-ahead or 
hour-ahead basis. Critical Peak Pricing (CPP) is defined a hybrid of the TOU and RTP. That is, the 
basic rate structure is TOU. However, provision is made for replacing the normal peak price with 
a much higher CPP event price under specified trigger conditions (when system reliability is 
compromised or supply prices are very high). 

On the other hand, incentive-based demand response programs may be introduced at virtually 
all timescales of electric system management. Capacity market programs mean customers offer 
load curtailments as system capacity to replace conventional generation or delivery resources. 
 

 
Figure 1.6: Role of Demand Response in Electric System Planning and Operation 
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1.3.4 Energy Storage System (ESS) for DR 

Energy storage system (ESS) will play a key role in enabling to develop a low-carbon electricity 
system, improving power quality and the reliable delivery of electricity to customers, proving high 
stability and reliability of transmission and distribution systems, enhancing use of existing 
equipment, thereby deferring or eliminating costly upgrades, and improving availability and 
increased market value of distributed generation sources as shown in Fig. 1.9 [21]-[24].  

ESS is mainly composed of battery, battery management system (BMS), power conditioning 
system (PCS), power management system (PSM), energy management system (EMS)/SCADA , 
and other power distribution and communication facilities as shown in Fig. 1.10 [25]. Battery is 
charged or discharged to grid and renewable energy generation. BMS performs the whole 
monitoring function of battery system such as voltage, electric-current, state-of-charge (SOC), 
state-of-health (SOH), and temperature. PCS is inter-conversion control between grid or renewable 
energy generation (AC) and battery DC power. PMS performs overall ESS monitoring including 
collection and monitoring of battery and PCS operation information and environmental facilities. 

 

 

Figure 1.9: Market share of ESS application 
 

 
Figure 1.10: Schematic of ESS
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EMS/SCADA execute overall energy management such as predictive operation, evaluation, and 
external system interlocking in buildings and plants. ESS is suitable for renewable and distributed 
generation and infrastructure/demand side energy management owing to their high efficiency rates, 
relatively lower cost, high energy densities, and longer range lifecycles. More specifically, there 
are three main advantages for ESS utilization to power system and end-users as shown in Fig. 1.11. 
ESS can be established to lower peak demands of the power plant and reduce electricity charge by 
charging with low-priced night time electricity and discharging for cutting electricity cost by 
lowering peak demands in home/commercial owners as shown in Fig. 1.11(a). ESS complements 
the intermittence of renewable energy produced by wind or solar power generation system. ESS 
stabilizes the output of renewable energy by charging & discharging irregular and intermittent 
power which is generated from wind and solar system as shown in Fig. 1.11(b). Further, frequency 
regulation is the means by which synchronism of the grid generators is maintained within 
acceptable limits and network stability is controlled. To avoid the possibility of damaging power 
imbalance scenarios adversely affecting the network, the network operator must maintain reserve 
generating capacity to cover imbalance with different magnitudes and duration to keep the 
generating capacity as close as possible in line the demand at all times. Because the magnitude of 
imbalance is reflected in the grid nominal system frequency. Here, ESS helps grid system operators 
maintain constant frequency, in which it operates for frequency regulation by means of charging 
when grid frequency increasing or discharging when decreasing grid frequency in power plant or 
substation as shown in Fig. 1.11(c). 

However, the ESS would have potential as an attractive DR resource. More specifically, ESS 
can be contributed for DR by strategic discharging during peak demand events through demand 
response programs. That is, ESS would provide business opportunities of DR participation to earn 
incentives while enhancing system reliability during times when demand for electricity could 
outpace supply. 

 

(a) Peak shaving (b) stabilization of renewable energy (c) Frequency regulation 
Figure 1.11: ESS utilizations [20] 
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discuses. 
Chapter 3 focuses on operation scheduling considering demand response in a COB with chiller 

system and ESS. The operation scheduling consists of two parts; day-ahead operation scheduling 
and operation rescheduling on D-day. Their objective functions are to minimize a daily expected 
energy cost under uncertainties in ambient temperature and DR event as scenarios. Operation 
scheduling of chiller system and ESS as decision values are optimized by various constraints such 
as demand and supply balancing, characteristics of chiller system, dynamics of indoor temperature, 
operation for ESS, DR requirement and CBL, consistency before DR event notification, and 
capacity limit. The validity of the proposed operation scheduling is ascertained through case studies. 

Chapter 4 deals with determination of the optimal DR capacity in a COB with chiller system and 
ESS. The optimal DR capacity (kW) can be determined so that the total daily expected costs of a 
COB becomes minimum by chiller system and ESS while avoiding DR penalty threat adopted in 
the Korean DR market. To solve the optimization problems, the proposed silhouette analysis and 
kmeans clustering algorithm were applied to determine representative ambient temperatures as 
input data. Estimation and economic evaluation of the proposed scheme are ascertained through 
case studies. 

Chapter 5 summarizes the results of this research and presents the conclusions. 
 

 
Figure 1.12. Entire structure of thesis
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(a) Violation of thermal comfortable before DR event sceanrios 

 

 

(b) Violation of thermal comfortable after DR event sceanrio 
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during DR duration. This is because Pre-cooling and power consumption by chiller system was 
replaced by ESS discharging during DR duration as shown in Fig. 3.9 (b). That is, ESS was more 
discharged to obtain as possible as maximum DR reward duo to reduced amount of chiller power 
caused by insufficient pre-cooling and thermal comfortable during DR duration. As a result, the 
proposed operation scheduling not only can obtain as possible as maximum DR reward by 
cooperation between chiller system and ESS regardless of DR event, but also can 
enhance the robustness and effectiveness of the temperature forecast error on D-day 
 

 
(a) Chiller power difference 

 

 
(b) ESS discharging difference 

Figure 3.9: Analyses of obtained power consumption by the proposed method  
(Proposed - Conventional) 
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(a) In DR scenarios 2 
 

 
(c) In DR scenarios 3 
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(d) In DR scenarios 4 

Fig. 3.10: Other obtained day-ahead operation scheduling by the proposed method 

3.4.4 The main advantages of the proposed method 

Three simulation cases shown in Table 3.4 were modeled to evaluate the proposed method. More 
specifically, optimal operations of chiller system and ESS were only executed by TOU tariff in 
Case 1. (A comparison group). In Case 2, chiller system was optimally scheduled considering both 
of TOU tariff and the Korean DR market. However, operation of ESS was only calculated 
considering TOU tariff. More specifically, first the optimal operation of ESS was calculated, in 
which a daily energy cost purchased from the utility becomes minimum considering TOU prices. 
Next, on fixing the operation of ESS, the optimal operation of chiller system was calculated 
considering both of the DR market and TOU prices. In Case 3, operations of chiller system and 
ESS were scheduled considering TOU tariff and the Korean DR market by the proposed day-ahead 
method. 
 

The existence of a feasible solution by the waiting DR capacity   

Optimal solution for maximum possible waiting DR capacity is determined by the previous 
section 3.3.3. We confirmed the existence of feasible solution using by a verity waiting DR capacity. 
When 40 [kW] of the waiting DR capacity is applied to Case 2 (Conventional) and 3 (proposed). 
In case 2, the feasible solution was not found in the formulation 3.3.2. Since 40 [kW] of the waiting
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(a) In case of actual temperature with a small forecast error 
 

 
(b) In case of actual temperature with a large forecast error 

Fig. 3.12: Temperature profiles for operation rescheduling
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3.5.2 Obtained optimal operation rescheduling on D-day  

When applying the actual temperature with a small forecast error (Actual T1) shown in Fig. 3.12 
(b), rescheduling process was not happened on D-day. Because a resultant indoor temperature (a 
black dotted line) was maintained within the comfort range as shown in Fig. 3.13. That is, the actual 
ambient temperature can be covered by the temperature scenarios assumed in the day-ahead 
scheduling. In other words, power consumption of chiller system was only scheduled based on the 
three temperature scenarios and its consumption was enough to cover the actual temperature 
(Actual T1) in the scenario 0 (NODR). Then ESS operation with the time and rate of charging or 
discharging was not depend on the actual temperature, the operation was charged or discharged by 
the TOU tariff. 

 

Fig. 3.13. Obtained optimal operations rescheduling on D-day (Applied with Actual T1) 

 
Fig. 3.14: Obtained optimal operations rescheduling on D-day (Applied with Actual T2)
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Figure 3.16: Analysis of rescheduled power consumption of chiller system 

 
 

 
 Figure 3.17: Obtained optimal operation after rescheduling 

3.6 Conclusion 

The proposed DR energy management supports additional utilization of chiller system and ESS 
as a DR resource for the Korean DR market. It proposes an optimal day-ahead operation scheduling 
whether temperature forecast error or not, and operation rescheduling on D-day for chiller system 
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and ESS in a COB under the DR scheme. Uncertainties in variety DR events applied with specified 
DR duration and amount of curtailment, and forecast error of ambient temperatures are considered 
for day-ahead operation scheduling and operation rescheduling on D-day compared with the no 
temperature forecasting error method. Simulation results showed that chiller system and ESS were 
cooperated for under maximum DR profit under DR events and minimum energy cost under TOU 
tariff. The proposed method not only can make higher DR profit, but also can protect penalty threat. 
Major advantages of the proposed algorithm are as follows.  

 
a. DR request can be met under the uncertainty of temperature. 
b. Comfort indoor temperature are guaranteed regardless of DR event. 
c. The proposed day-ahead schedule is robust for the assumed size of forecast error.  
d. The rescheduling process assures that the indoor temperature can be maintained within 

the thermal comfort. 
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Input data include TOU Tariff, the Korean DR market information (incentive price for DR 
load reduction and contracted DR capacity, penalty price and coefficient), actual daily 
temperature loci, DR event information (including DR event scenarios and occurrence 
probabilities), a COB information (including demand load, initial indoor temperature and 
thermal comfort range), operating information of ESS  (including energy storage capacity, 
initial state of charge, maximum charging and discharging rate, and charging and discharging 
efficiency) and operating information about chiller system (including power variation of 
chiller system according to a unit temperature variation, minimum chiller system operation 
power and thermal flywheel factor). All the inputs are formulated using MILP, which 
includes an objective function and a series of constraints. 

 
2) (A) Arrange sequential combined utility cost for past N days by Eq. (4.24)-(4.39) 

Sequential combined utility cost with DR event scenarios are calculated and collected for 
past N days ambient temperature loci. 

 
3) Decide how many k cluster from the cluster in (A) by the silhouette value 

The optimal k cluster number in sequential combined utility costs (A) is determined by the 
proposed silhouette value analysis. 

 
4) Find centroid of each of the k clusters by K-means clustering algorithm 

Centroid of each of the k clusters is found by K-means clustering algorithm applied to the 
proposed squared Euclidean distance with DR occurrence probability. 

 
5) Find representative ambient temperatures 

Representative ambient temperatures and its occurrence probabilities are determined by 
Eq. (4.38)-(4.39) and used for initial variables. 

 
6) Minimizing expected energy cost considering DR scenarios by MILP in Eq. (4.1)-

(4.23) 
The optimal DR capacity using chiller system and ESS is calculated by Eq. (4.1) and (4.23).  
 

CBL and DR capacity without DR scenarios are used as initial values. The proposed DR 
algorithm is implemented feedback loop, which is re-calculated based on updated DR capacity 
under the determination procedure of representative ambient temperatures until obtained optimal 
DR capacity is same as previous one because validity of the obtained DR capacity should be 
confirmed by iteration. 
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Fig. 4.1: Architecture for the proposed DR algorithm used to solve the optimal DR capacity 
problem 

4.3 Case Studies 

In this section, the effectiveness of the proposed method for determining some representative 
ambient temperatures and the optimal DR capacity are shown in the subsection 4.3.1. Next, in the 
subsection 4.3.2, an expected value of daily energy cost based on the cooperation between chiller 
system and ESS is analyzed. 

4.3.1 Estimation for representative ambient temperatures 

Simulation Conditions 
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The proposed energy management algorithm for DR was applied to a COB with 500 [kW] chiller 
system and 1,000 [kW] / 2,000 [kWh] ESS (Lithium-ion battery). The daily load data of the COB 
excluding chiller system and ESS is shown in Fig. 4.5. Total 60 days of ambient temperature 
profiles were selected based on actual daily temperature loci in Aug. 2011 and 2012 [50]-[51], and 
were divided into two sets as shown in Fig. 4.3 (a) and (b). A set of temperature shown in Fig. 4.3 
(a) are utilized for designing the desirable representative ambient temperatures and optimal DR 
capacity. A set of temperature in Fig. 4.3 (b) are used to evaluate the effectiveness of the designed 
results. For simplicity, only two DR events shown in Table 4-2 were assumed as scenarios. The 
other assumptions regarding simulation parameters are summarized in Table 4.3. Here, the thermal 
comfort about the indoor temperature was specified as 22.0-24.0 [deg-C] by the American Society 
of Heating, Refrigerating and Air Conditioning Engineers [33]. The maximum and minimum DR 
fulfillment rate (FR) were defined as 80 [%] and 120 [%] by the Korean DR market role [47]. And 
price for DR contribution and price for the contracted DR capacity were applied as 550 
[KRW/kWh] and 64,000 [KRW/kW] based on the Korean power exchange respectively. 

 

 
(a) Temperature profiles for obtaining DR capacity (30 days/Aug. 2011) 

 

 

(b) Temperature profiles for estimation (30 days/Aug. 2012) 
Fig. 4.2: Input temperatures profiles for estimation 
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(a) 30 sequential combined energy costs 

 
(b) Two clustering groups for 30 sequential energy costs  

(Occurrence probabilities for A and B groups: 0.53 and 0.47 respectively) 

 

(c) The centroids and the combined energy costs closest to centroids 

 
(d) Representative ambient temperatures 

Fig. 4.4: Determination of representative ambient temperatures 
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(a) An expected value of daily DR reward 

 

(b) An expected value of daily penalty 

 

(c) An expected value of daily energy cost 
Fig. 4.6: Estimation for the optimal DR capacity 

 

 

Fig. 4.7: CBL for the optimal DR capacity 
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(a) Temperature profiles for the optimal DR capacity  

(62 days in July and August of 2012) 

 

(b) Temperature profiles for economic evaluation 
(62 days in July and August of 2013) 

Fig. 4.8. Input temperatures profiles for economic evaluation 
 

In cases 2 and 3 representative temperatures were selected in the same manner as the previous 
subsection from data of temperatures in Fig. 4.8 (a). In every case, the expected value of daily cost 
based on multiple DR scenarios shown in Table 4.4 was calculated for each of 62 temperatures in 
Fig. 4.8 (b).  
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Table 4.6: Assumed actual DR event scenarios for economic evaluation 

DR scenario DR duration 
Amount of 
reduction 

Occurrence probability 

1 13:30-15:30 100% 0.025 
2 14:00-16:00 100% 0.025 

3 14:30-16:30 100% 0.025 

4 15:00-17:00 100% 0.025 

5 N/A 0% 0.9 

 

Selecting the number of k clusters with silhouette analysis on kmeans clustering 

Fig. 4.9 shows obtained silhouette values for optimal number of clusters applied with DR event 
scenarios for economic evaluation. As a result, Number of k clusters was chosen as two clustering. 
Since silhouette coefficient (0.707) of 2 clustering as shown in Fig. 4.9 (a) was the higher than 
other 3 cases. 

 

          
(a) The silhouette values with 2 clustering   (b) The silhouette values with 3 clustering 

(The silhouette coefficient: 0.707)            (The silhouette coefficient: 0.634) 

          
(a) The silhouette values with 3 clustering    (b) The silhouette values with 4 clustering 

(The silhouette coefficient: 0.590)            (The silhouette coefficient: 0.691) 
Fig. 4.9: Silhouette value calculation to the various clustering  
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(a) An expected value of daily cost for the electricity purchased from the utility 

 
(b) An expected value of daily DR reward 

 
(c) An expected value of daily DR penalty 

 
(d) An expected value of daily energy cost 

Fig. 4.11: Economic evaluation for every case 
 

An expected value of daily energy cost in Case 1 was 5,818,191 [KRW] as shown in Fig. 4.11 
(d). In this case, DR reward and penalty were zero because of not participating DR market. Thus, 
the expected value of daily cost was same as an expected value of daily cost for electricity 
purchased from utility as shown in Fig. 4.11 (a). On the other hand, an expected value of daily cost 
in Case 2 was 5,715,337 [KRW] as shown in Fig. 4.11 (d). More specifically, although, an expected 
value of daily cost for electricity purchased from the utility in Case 2 as 5,834,163 [KRW] was 
higher by 15,972 [KRW] than Case 1, an expected value of daily DR reward of Case 2 was 181,546 
[KRW]. And an expected value of daily DR penalty was 434 [KRW]. More specifically, the penalty 
was observed as shown in Fig. 4.11 (c). Since, on a hot day, chiller system consumed its electric 
energy considering both of minimal energy cost and the specified comfortable temperature range 
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before a DR event notification. When a DR event occurred at 12:30, chiller system heavily operated 
as maximum power output for DR during preparation for DR. However, finally DR penalty 
happened from 14:30 to 15:30 because chiller system needed to consume its electric energy for 
holding indoor temperature between 22 [deg-C] and 24 [deg-C] by eq. (4.36) during DR duration. 
At this time, ESS is only charged or discharged for minimal energy cost based on TOU tariff 
regardless of the DR event. As a result, the end-user could not utilize the chiller system as a DRR. 

On the other hand, an expected value of daily cost for electricity purchased from utility in Case 
3 was 5,847,825 [KRW]. It was the highest value compared to Case 1 and Case 2. This is because 
disturbance of DR operation affected to TOU optimal operation. An expected value of daily DR 
reward was 1,303,422 [KRW] in Case 3, but also DR penalty did not appear compared to Case 2 
shown in Fig. 4.13 (a) and (b). More specifically, obtained optimal operations of chiller system and 
ESS were same as the results of Fig. 4.12 (a) before notification of DR. By employing the proposed 
method, when notifying the DR event, ESS was significantly discharged to avoid DR penalty from 
14:30 to 15:30 including DR duration, as much as replacement for holding comfortable temperature 
range of chiller system. In other words, most of the energy usage of chiller system for comfortable 
indoor temperature was consumed by ESS discharging instead of the utility for satisfying no 
penalty. From this results, we found that the co-operation between chiller system and ESS can be 
effectively avoided DR penalty threat. 

Furthermore, ESS was charged as preparation for DR and was discharged for maximum DR 
reward during DR duration when a DR signal is informed. This co-operation between chiller 
system and ESS for DR is the main advantage in this paper. The average of the expected values of 
daily cost for each of 62 temperatures was calculated at 4,544,403 [KRW] and was lower than 
Cases 1 and 2. Especially, when ESS had enough discharging energy as a DRR, as much as 
replacement for pre-cooling of chiller system, it was only discharged for DR in specified DR 
duration to prevent excessive power consumption as pre-cooling of chiller system during 
preparation for DR. 
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(a) When DR scenario 1, obtained optimal operations on a hot day in Case 2 
(DR penalty: 358,400 [KRW]) 

 

 
(b) When DR scenario 1, obtained optimal operations on a hot day in Case 3 

(DR penalty: 0 [KRW]) 
Fig. 4.12: DR Penalty analysis for Case 2 and Case 3 
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representative ambient temperatures and DR requirements. A determination problem for the 
representative ambient temperatures was determined by the k-means clustering algorithm, in which 
daily minimal energy cost depending on an assumed DR event under a given ambient temperature 
was used as mining data. As a result, we found the optimal DR capacity was effectively determined 
by the proposed method for determining a pair of effective representative ambient temperatures. 
The proposed DR algorithm determined the optimal DR capacity, shift demand from peak periods 
to off-peak periods and reduce the energy costs in a COB. The proposed co-operation between 
chiller system and ESS was effectively avoided DR penalty threat. Furthermore, ESS was charged 
as preparation for DR and was discharged for maximum DR reward during DR duration when a 
DR signal is informed.
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Fig. A-1 randomly generate K initial         Fig. A-2 associate every observation with the nearest means 

                   

Fig. A-4 iterate above previous step 2         Fig. A-3 the centroid of each of the k becomes the new  

                                    clusters becomes the new mean. 

                  

Fig. A-5 iterate above previous step 3               Fig. A-6 iterate above previous step 2 

              
Fig. A-8 end when convergence has been reached         Fig. A-7 iterate above previous step 3






