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Abstract. The daily increment of electricity usage has led many efforts on the 

network operators to reduce the consumption in the demand side. The use of re-

newable energy resources in smart grid concepts became an irrefutable fact 

around the world. Therefore, real case studies should be developed to validate 

the business models performance before the massive production. This paper sur-

veys the economic impact of an optimization-based Supervisory Control And 

Data Acquisition model for an office building by taking advantages of renewable 

resources for optimally managing the energy consumption. An optimization al-

gorithm is developed for this model to minimize the electricity bill of the building 

considering day-ahead hourly market prices. In the case study, the proposed sys-

tem is employed for demonstrating electricity cost reduction by using optimiza-

tion capabilities based on user preferences and comfort level. The results proved 

by the performance of the system, which leads to having great economic benefits 

in the annual electricity cost. 
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1 Introduction1 

Nowadays, Demand Response (DR), and Renewable Energy Resources (RERs) are 

considered as major concepts in energy research topics [1]. The importance of DR pro-

grams and RERs is due to the advantages for all parts of the community including en-

ergy producers, consumers, and the environment by reducing the dependency on fossil 

fuels [2]. There is global concern about increasing of CO2 emissions, melting the glac-

iers, and the collapse of nature cycle [3], and hence, currently the demand of RERs and 

DR programs are increased [4]. In the DR programs, consumers are emboldened to 

change their electricity consumption pattern based on the variation of electricity price, 

or technical commands from the network operators [5]. DR programs can classify into 

two main incentive-based and price-based [6]. Real-Time Pricing (RTP), Time-Of-Use 

(TOU), and Critical-Peak Pricing (CPP) are included in the price-based programs. It 
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should be noted that in RTP, the used prices are the day-ahead or hour-ahead basis [6]. 

According to diverse surveys in [7], a large amount of energy consumption is dedicated 

to all types of buildings. In U.S. 35.5% of total electricity consumption belongs to the 

commercial buildings [8]. For taking advantages of DR programs, the buildings should 

be intelligent and equipped to several automation infrastructures [9]. Supervisory Con-

trol And Data Acquisition (SCADA) system is considered a part of DR implementation 

since it offers various advantages to have automatic load control in different types of 

buildings [10]. After equipping the buildings with the required infrastructures, an opti-

mization algorithm is required to optimize and reduce the power consumption based on 

the existing conditions. For instance, in commercial buildings, Air Conditioners (ACs) 

and lighting systems can be considered as flexible and controllable loads [11], [12] due 

to their massive portion in electricity consumption [13].  

This paper presents an optimization-based SCADA model, which is implemented in 

an office building. The main objective of the optimization algorithm is to minimize the 

electricity bill by using RERs and decreasing the power consumption according to day-

ahead hourly electricity prices. The power consumption of the ACs and lighting system 

have been selected to apply the consumption optimization. All the devices in this sys-

tem are categorized based on the priorities defined by each user for each device in order 

to observe preferences and comfort level.  

Several research works have been done in this context. In [14], the authors applied 

for DR programs in a residential building by using two types of retail pricing and con-

trol Heating, Ventilation, and Air Conditioning (HVAC) system.  An optimal DR 

scheduling model for HVAC has been presented in [15], considering the thermal com-

fort of the users. [16] proposes an energy optimization controller algorithm which is 

used for industrial and commercial equipment such as HVAC, based on hour-ahead 

RTP programs. In [17], a SCADA system is implemented which is connected to 

MATLAB software to control and integrate different information of intelligent build-

ings such as temperature, ventilation, and illumination to manage and maintain the user 

satisfaction. In [18] represents a real implementation of an optimization model sup-

ported by a SCADA system, which employs several controlling and monitoring meth-

ods in order to manage the consumption and generation of the building. The main con-

tribution of this paper is to survey the annual impact of the developed optimization 

algorithm in implemented SCADA system of an office building by considering day-

ahead electricity prices.  

After this introductory section, the architecture of the developed model is described 

in Section 2. Section 3 represents a case study considered for the system, and the final 

results are presented in Section 4. Finally, section 5 details the main conclusions of the 

work. 

2 System Architecture 

This section describes the SCADA model which is implemented in an office building 

for managing energy consumption, and then, it focuses on an optimization algorithm 

employed in the SCADA for energy optimization purposes. 
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2.1 SCADA Model 

The SCADA model presented in this paper has been implemented in an office building, 

which includes eight offices, one server room, and a corridor. Every three offices have 

been categorized into a zone. Therefore, there are three independent zones including 

three offices. Only the relevant information regarding this SCADA system are men-

tioned in this section and more details are available on [18], which have been developed 

by the authors in the scope of their previous works. 

There are three distributed based Programmable Logic Controllers (PLCs) for three 

zones, which control every three offices. Moreover, there is a main PLC associated with 

this model in order to supervise the other distributed based PLCs. In this paper, ACs 

and the lighting system of the building have been targeted for implementing the opti-

mization purposes. The lighting system consists of 13 fluorescent lamps connected to 

the related PLC by Digital Addressable Lighting Interface (DALI). There are DALI 

ballasts installed for each lamp that allow the related PLC to fully control the intensity 

of the light as well as switching them ON/OFF. Furthermore, the SCADA system 

controls 9 ACs in the building. A microcontroller (Arduino® – www.arduino.cc), 

which equipped with an Ethernet Shield and an Infrared Light-Emitting Diode (IR 

LED) have been programmed and installed near to each AC. In fact, this controlling 

method emulates the remote control of ACs, somehow the SCADA takes decision for 

each AC and transmits the desired command to each AC controller (Arduino®) via 

Ethernet interface (MODBUS protocol). Then, Arduino® controls the ACs based on 

SCADA decision. 

In this SCADA model, there is a Photovoltaic (PV) system, which supplies a part of 

building consumption, and in high generation periods, the surplus of energy will inject 

into the utility grid. Also, six energy meters have been employed in the SCADA model 

to measure the consumption and generation of building. All energy meters follow serial 

communication with MODBUS-RTU (RS485) protocol to transmit the information to 

the related PLC.  

Finally, a unit so-called Optimizer is connected to the model, which is responsible 

for solving optimization algorithm (explained in the next section) associated for the 

SCADA and provide the optimized information to the PLCs in order to be performed. 

2.2 Optimization Problem 

This section shows the details about the optimization algorithm, which is employed by 

developed SCADA system. This algorithm has been solved via “lpsolve” tools of RStu-

dio optimization environment (www.rstudio.com) in order to minimize the electricity 

cost by managing the power consumption of the building. The objective of the optimi-

zation problem is to optimize the power consumption of the ACs a lighting system, 

based on the priority of each device, electricity cost variation, and stochastic PV gen-

eration. The power reduction of the ACs and lighting system depend profoundly on the 

electricity price, and the priority of each device. Fig. 1 shows the procedure of the op-

timization algorithm. 

This optimization algorithm is a dynamic algorithm which runs online and updates 

the input parameters. As it can be seen in Fig. 1, the first part of the algorithm is dedi-

cated to the definition of input data, such as total consumption of the building, total PV 
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generation, consumption of the ACs, and consumption of the lighting system measured 

by SCADA system. In the meanwhile, the algorithm receives the information of the 

electricity market, since it is based on the day-ahead hourly electricity market. Then, 

the algorithm checks the amount of PV generation and compares that with the total 

consumption of ACs and lighting system. If the rate of consumption is greater than the 

PV generation, the algorithm continues to the next decision steps, otherwise, it will not 

enter into the optimization. 

 

Fig. 1. Flowchart of the developed optimization algorithm.   

The algorithm also receives the hourly electricity prices one day in advance and it 

takes an average value from all prices for the entire day and chooses it as a setpoint for 

the next day in order to perform the optimization. If the real-time electricity price is 

greater than the setpoint price, the algorithm starts optimizing the consumption, and in 

periods with a lower price than the setpoint, the optimization is not required, and the 

algorithm will check the input data again and again till it achieves the desired condition. 

By this way, consumption would be automatically optimized in the expensive periods.  

Furthermore, there are some required data which should be indicated by the users, 

such as user preferences for the devices, the number of ACs, number of lights, and the 

amount of required reduction. User preferences can be interpreted as the priority of each 

device for the user. The weight of these priorities can be converted to a range between 

0 and 1. The priority numbers near 0 present the low priority devices from the user 

standpoint and the high priority devices have a number near to 1. The objective function 

of the optimization problem is demonstrated in eq. (1): 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 

𝐸𝐶 =  ∑((∑ 𝑃𝐴𝐶(𝑎,𝑡) × 𝐼𝐴𝐶(𝑎,𝑡) + ∑ 𝑃𝐿𝑎𝑚𝑝(𝑙,𝑡) × 𝐼𝐿𝑎𝑚𝑝(𝑙,𝑡)

𝐿

𝑙=1

)

𝐴

𝑎=1

𝑇

𝑡=1
− 𝑃𝑉(𝑡)) × 𝐶𝑂𝑆𝑇(𝑡) 

(1) 
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𝑃𝐴𝐶  and 𝑃𝐿𝑎𝑚𝑝 indicate the real consumption of the AC devices and lighting system. 

𝐼𝐴𝐶  and 𝐼𝐿𝑎𝑚𝑝  are the coefficients which present the importance of each AC, and each 

lamp respectively and A and L show the number of ACs and lamps. PV stands for pho-

tovoltaic power generation and COST is the hourly electricity price in the time horizon 

of t. 

There are several constraints that should be considered for the presented objective 

function. Equation (2) guarantees that the sum of power reduction of ACs (𝑃𝑅𝑒𝑑.𝐴𝐶) and 

lighting system (𝑃𝑅𝑒𝑑.𝐿𝑎𝑚𝑝) should be equal to the required power reduction (𝑃𝑅𝑅). 

Equation (3) displays the technical limitations of power reduction from each AC, which 

should be considered as a binary value since the ACs are classified in curtailment loads. 

Equation (4) limits the total power reduction of all AC devices, and (5) shows the tech-

nical limitation of each light individually. Equations (4), and (5) are considered to have 

a minimum illumination level for each lamp and also prevent turning all AC devices 

OFF in order to respect to the user comfort level. In fact, (5) models the lighting system 

as flexible loads, which allows the algorithm to reduce their consumption. 

∑ 𝑃𝑅𝑒𝑑.𝐴𝐶(𝑎,𝑡) + ∑ 𝑃𝑅𝑒𝑑.𝐿𝑎𝑚𝑝(𝑙,𝑡)

𝐿

𝑙=1

𝐴

𝑎=1

= 𝑃𝑅𝑅(𝑡) 

∀ 𝑡 ∈  {1, … , 𝑇} 

(2) 

𝑃𝑅𝑒𝑑.𝐴𝐶(𝑎,𝑡) =  𝑃𝑚𝑎𝑥𝑅𝑒𝑑.𝐴𝐶(𝑎,𝑡) × 𝑋 

∀ 𝑋 ∈ {0,1} 

∀ 𝑡 ∈  {1, … , 𝑇} 

∀ 𝑎 ∈  {1, … , 𝐴} 

(3) 

∑ 𝑃𝑅𝑒𝑑.𝐴𝐶(𝑎,𝑡)

𝐴

𝑎=1

≤ 𝑃𝑚𝑎𝑥𝑇𝑜𝑡𝑎𝑙𝑅𝑒𝑑.𝐴𝐶 (𝑡) 

∀ 𝑡 ∈  {1, … , 𝑇} 

(4) 

0 ≤ 𝑃𝑅𝑒𝑑.𝐿𝑎𝑚𝑝(𝑙,𝑡)  ≤  𝑃𝑚𝑎𝑥𝑅𝑒𝑑.𝐿𝑎𝑚𝑝(𝑙,𝑡) 

∀ 𝑡 ∈  {1, … , 𝑇} 

∀ 𝑙 ∈  {1, … , 𝐿} 

(5) 

𝑃𝑚𝑎𝑥𝑅𝑒𝑑.𝐴𝐶  declares the maximum power reduction for each AC device, and 

𝑃𝑚𝑎𝑥𝑇𝑜𝑡𝑎𝑙𝑅𝑒𝑑.𝐴𝐶  is the maximum available power reduction from all AC devices. Fur-

thermore, 𝑃𝑚𝑎𝑥𝑅𝑒𝑑.𝐿𝑎𝑚𝑝 is the maximum power that is allowed to be reduced from each 

light. Required power reduction (𝑃𝑅𝑅) is a flexible rate, which can be defined as any 

desired rate. However, in this paper, it is considered that the power reduction is the 

difference of the consumption of ACs and lighting system, and PV generation, in order 

to take advantages of PV generation in electricity bill. This definition is formulated by 

(6). In other words, (6) demonstrates that the PV generation supplies the consumption 

of ACs and lighting system as much as possible. Finally, (7) presents the limitation of 

importance coefficients. 
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𝑃𝑅𝑅(𝑡) = (∑ 𝑃𝐴𝐶(𝑎,𝑡)

𝐴

𝑎=1

+ ∑ 𝑃𝐿𝑎𝑚𝑝(𝑙,𝑡)

𝐿

𝑙=1

) − 𝑃𝑉(𝑡) 

∀ 𝑡 ∈  {1, … , 𝑇} 

(6) 

0 ≤  𝐼𝐴𝐶(𝑎,𝑡) ≤  1  ;  0 ≤  𝐼𝐿𝑎𝑚𝑝(𝑎,𝑡) ≤  1 

∀ 𝑡 ∈  {1, … , 𝑇} 

∀ 𝑎 ∈  {1, … , 𝐴} 

(7) 

As a summary, this section presented the technical specification of the SCADA 

model as well as the mathematical formulation of the proposed optimization algorithm. 

In the next section, this system is used for a case study in order to survey its annual 

economic impact. 

3 Case Study 

A case study is provided in this section to test and validate the functionalities of the 

developed system. For this purpose, the annual PV generation curve of the building and 

also annual consumption profiles of the ACs and lighting system are considered in order 

to perform the presented optimization problem. Fig. 2 illustrates the consumption and 

generation profiles considered for this case study. These curves are real data measured 

by the SCADA system and stored in a database. 

The average consumption of each of 13 AC is 1500W and each of 9 lamps is 116W. 

The consumption curve showed in Fig. 2, is the consumption of ACs and lighting sys-

tem for an entire year, and non-controllable loads are not shown in this figure. Further-

more, energy consumption in cold weather is higher than in hot. It means ACs are 

mostly used in winter for heating purposes. 

Also, the generation curve showed in Fig. 2, is the real PV generation of the building 

for a year. This produced power will be first used for building consumption, and then 

in the high generation and low consumption periods, the energy surplus will be injected 

into the main grid. The electricity that is purchased from the main grid for the ACs and 

lighting system, is shown in Fig. 3.  

 

Fig. 2. Annual profiles considered for a case study for Consumption and PV generation. 
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In the periods that optimization is required, the algorithm attempts to reduce the 

consumption profile shown in Fig. 3 (Power purchased from the main grid). In other 

words, the consumption curve illustrated in Fig. 3 is the data that should be provided to 

the algorithm as required consumption reduction. Although, a maximum reduction level 

always is considered by the algorithm in order to not switching all the devices OFF and 

keep high priority devices switched ON for respect to user preferences and comfort. 

 

Fig. 3. Power purchased from the utility grid for ACs and lighting system electricity demand. 

It should be noted that the prices used for defining setpoints, are for the entire year 

of 2016 and have been adapted from the Portuguese sector of Iberian Electricity Mar-

kets (MIBEL) [19].  

4 Results 

This section focuses on the results of the case study using the developed optimization-

based SCADA model for the office building. Fig. 4 illustrates the scheduled consump-

tion profile after the optimization. In fact, the results that are shown in Fig. 4 is the 

output of the optimization algorithm regarding each AC and lamp. 

 

Fig. 4. Consumption optimization results for ACs and lighting system in the office building. 

The consumption profile that is shown by red lines in Fig. 4 is the purchased energy 

from the utility grid for ACs and lighting system consumption. Therefore, the 
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optimization algorithm minimized this purchased energy based on the hourly prices in 

order to minimize the total energy cost (as it can be seen in Fig. 4 with blue line). 

Furthermore, in the periods that the price is greater than the setpoint price, and the 

optimization algorithm is applied in the building, the user´s comfort level is not violated 

since the algorithm minimizes the consumption of ACs and lighting system based on 

the priorities that each user defines. Also, the maximum consumption reduction level 

considered in the algorithm keeps the high priority devices always switched ON. 

The other noticeable point in Fig. 4 is that from the beginning of the April to the end 

of October, the optimization algorithm is not widely performed since there is a signifi-

cant amount of PV generation, and the generation supported all the demand for some 

periods and a reasonable part of it in other periods. 

In order to survey the economic impact, Fig. 5 illustrates the accumulated cost for 

an entire year under three different conditions. 

 

Fig. 5. Accumulated energy costs for one year considering three scenarios. 

As it can be seen in Fig. 5, the red line indicates the purchased energy cost from the 

main grid for the ACs and lighting system while no PV and optimization capabilities 

are considered for the SCADA. In fact, this scenario is considered as a basis to be com-

pared with the other scenarios.  

The gap between the red and green lines in Fig. 5 indicates the cost that is gained 

due to the local PV generation. This gap is increased during the summer, where the PV 

generation is higher, and it supplies a great part of building consumption. Finally, by 

employing both PV system and optimization capabilities, the total electricity cost of the 

building is reduced significantly, which indicates the advantages of an optimization-

based SCADA model equipped with a local energy resource (e.g. PV). 

In order to clarify the annual cost comparison, Table 1 demonstrates the details of 

annual electricity costs for the presented scenarios. 

Table 1. Annual cost comparison for three scenarios. 

Scenario Annual cost (EUR) Cost reduction (Compared to simple) 

Simple (No PV, No OPT) 2890.92 - 

With PV, No OPT 2455.49 15.06 % 

With PV and OPT 1048.99 63.71 % 
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As it is clear in Table 1, the amount of cost reduction with a PV system and without 

optimization capability is 15.06 % compared to the simple scenario. While both the PV 

system and optimization are used by the SCADA, the cost is 63.71% is reduced com-

pared to the simple scenario. This proves the functionalities and capabilities of the de-

veloped optimization-based SCADA system, which presents an acceptable perfor-

mance in day-ahead and real-time electricity markets. 

5 Conclusions 

Electricity demand increment in the current state of energy system requires more survey 

and investigation regarding energy optimization and using renewable energy resources. 

Commercial buildings, especially office buildings are appropriate targets for optimiz-

ing the lighting systems and air conditioner devices. However, the need for real case 

studies is obvious for testing the business model before massive production. 

This paper surveyed the economic impacts of a real optimization-based SCADA 

model implemented for an office building to make decisions and manage the consump-

tion based on the day-ahead electricity market. Moreover, an optimization algorithm 

was developed for the SCADA system in order to minimize the electricity bill based on 

the priorities defined by each office user for each air conditioner and lighting system. 

The results of the case study validated the functionalities of the presented optimiza-

tion-based SCADA model in the day-ahead electricity market. Furthermore, a compar-

ison of annual electricity costs of the building was demonstrated by considering differ-

ent scenarios to show the economic benefits of applying the proposed optimization al-

gorithm. 
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